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Quantitative magnetic resonance imaging techniques such as quantitative 
susceptibility mapping (QSM) have great potential to provide tissue specific and 
longitudinally applicable biomarkers of disease. Such markers can potentially aid in 
not only the study of disease progression, but may also one day help inform the 
treatment of disease.  Quantitative magnetic susceptibility mapping (QSM) is a non-
trivial and powerful technique that directly measures the magnetization of tissue. The 
magnetization of tissue in the body is directly related to its composition and structure. 
The challenge in this work is that both the content and organization of tissue result in 
orientation dependent relaxation and magnetization, the complexity of which provides 
an opportunity to assess tissue microstructure and content from magnetic resonance 
field measurements. In this work, we will evaluate the reconstruction of magnetic 
susceptibility and relaxation tensors from MR field measurements and assess the 
contribution of major tissue components, such as iron and myelin, to measured tensor 
properties. This builds the theoretical and experimental ground work in translating 
measurements of tissue magnetization for applications in vivo.
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CHAPTER 1 
 
1 CONTRIBUTIONS AND OBJECTIVES 
 
 The focus of this work is on the assessment of the magnetic properties of the 
central nervous system; specifically the magnetic susceptibility anisotropy and 
relaxation properties of white matter. In this work the reconstruction of magnetic 
susceptibility tensor properties of white matter are explored building from a theoretical 
assessment of the susceptibility tensor problem to the assessment of acquired in vivo 
data in measuring tensor properties of white matter. The structure, anisotropy and 
confidence of tensor reconstructions were assessed with experimental phantoms 
containing known microstructural properties and subsequently examined in vivo. The 
contributions of major magnetic components of white matter to the measured magnetic 
susceptibility were assessed in autopsied multiple sclerosis lesions where the presence 
of iron is a potential biomarker of the inflammatory process in the pathogenesis of 
multiple sclerosis lesions. With this work we gain insight into magnetic resonance 
(MR) properties of tissue related to tissue microstructure and molecular order and 
further assess MR properties directly related to tissue content. 
 
  
 2 
CHAPTER 2 
 
2 INTRODUCTION AND BACKGROUND 
 
 The fundamental principles of the magnetic resonance of protons are necessary 
to discuss the generation, measurement and analysis of the signal produced in 
magnetic resonance imaging (MRI) of tissue. These principles will link the content 
and structure of tissue to MRI signal generation. 
 
2.1 Principles of MR Physics 
 
Magnetic resonance imaging is uses the prerecession of nuclei within a static 
magnetic field as a radio frequency (RF) sensor to probe the local magnetic properties 
of tissue. A hydrogen nucleus possesses a magnetic moment, ⃗, that will process about 
the applied field, the total magnetic moment observed constitutes the observed 
magnetization, ⃗⃗⃗⃗ , of the tissue. Resonance occurs at the Larmor frequency of the 
nucleus under investigation for a spin1/2 nucleus like hydrogen this is =42.58MHz/T 
(1), the resonance frequency is thus       , where the applied field is,  ⃗⃗  .  Under 
an applied field the asymmetry in the distribution of parallel and antiparallel spins 
imparts a total net magnetization that provides that difference in energy necessary to 
generate an RF signal with an applied RF pulse.  
 3 
 
Figure 2.1 Distribution of nuclear magnetic moments observed along the applied static 
field 
The manipulation of the excitation pulse and subsequent relaxation of this 
signal is largely due to the local magnetic environment. The local magnetic field is a 
result of the local magnetization of tissue within the body, which also provides the 
basis of contrast in magnetic resonance imaging and the basis of quantitative magnetic 
susceptibility mapping (QSM). 
2.2  Principles of Magnetic Resonance Imaging 
 
 Following excitation of the tissue the next phase of an MRI experiment is the 
measurement of the time dependent behavior of the magnetization of the tissue, which 
is quantitatively described by the Bloch equation(1): 
  ⃗⃗⃗⃗
  
   ⃗⃗⃗⃗   ⃗⃗⃗  
   ⃗    ⃗⃗
  
 
(     
 ) ⃗
  
 ,  [2.1] 
 
Where T1 and T2 are time constants for the decay of the magnetization,  
  is the 
equilibrium magnetization along the z axis of the system and Mx, My and Mz are the 
components of ⃗⃗⃗⃗  along the x, y and z axes of the system respectively. Of particular 
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interest are the properties of the free induction decay of hydrogen nuclei following an 
RF excitation, which are derived from the Bloch equation(2).  
 
 (    )         ∫    ( )       ( )  ,  [2.2] 
  
Where,  (    )is the measured signal at time TE over the voxel  ,  ( )is the proton 
density over spatial position vector r and   ( ) is the local field relative to B0 . The 
local field is dependent on the magnetization of the tissue(3): 
  ( )  
        
| | 
 ( ) ̂. [2.3] 
Where ( ) is the distribution of magnetic susceptibility over the subject and  ̂ is the 
normalized field vector,  ̂     |  |.  
 
2.3 White Matter Tissue Properties 
 
White matter is an essential component of the central nervous system that 
connects distant regions of the brain and body(4). Functional white matter is 
characterized as a highly organized structure from a molecular to a macroscopic scale, 
mm. 
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Figure 2.2: The composition and organization of the axon and molecular organization 
of the myelin sheath(5). 
The regularly ordered myelin bilayer results in anisotropic magnetic 
susceptibility properties that have been of recent interest in the assessment of this 
tissue property with MRI(6). Destruction of this regularly ordered structure, as in the 
case of neuro-degenerative diseases results in progressive and permanent functional an 
cognitive deficits(4).  MRI has the potential to quantitatively assess these properties of 
the tissue through analysis of the field that if formed from voxels containing these 
structures. 
 
2.4 Properties of Tensor Fields 
 
Orientation dependent properties of tensors represent high dimensional data that 
requires careful consideration in order to interpret properties of the tensor related to 
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the material properties of interest. In the study of white matter properties the 
orientation, mean and anisotropy of the voxel is of interest in measuring the fiber 
architecture and composition. Unlike scalar or vector maps interpretation of tensor 
fields is non-intuitive and requires defining the properties of interest of the tensor.  
In the study of magnetic susceptibility tensor imaging (STI) and relaxation tensor 
imaging from R2* the orientation of the tensor is derived from the eigenvectors of the 
tensor from singular value decomposition. This reveals the eigenvalues of the tensor 
which are used in the derivation of tensor anisotropy and calculation of the mean 
tensor. The anisotropy of the tensor can have several definition depending on the 
specific aspect of the tensor that is of interest; such as the fractional anisotropy, 
   √
 
 
√
 ( ̅   )
 
 (  
 )
, [1.1] 
where i=1,2,3, (7), or the linear anisotropy,    (     )  ̅ . The mean tensor is 
defined as the normalized sum of the trace of the tensor,  ̅  
        
 
which is one 
tensor invariant; does not change with orientation of the tensor(7). 
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CHAPTER 3 
 
3 MAGNETIC SUSCEPTIBILITY ANISOTROPY: CYLINDRICAL 
SYMMETRY FROM MACROSCOPICALLY ORDERED ANISOTROPIC 
MOLECULES AND ACCURACY OF MRI MEASUREMENTS USING FEW 
ORIENTATIONS 
 
White matter is an essential component of the central nervous system and is of 
major concern in neurodegenerative diseases such as multiple sclerosis (MS). Recent 
MRI studies have explored the unique anisotropic magnetic properties of white matter 
using susceptibility tensor imaging. However, these measurements are inhibited in 
practice by the large number of different head orientations needed to accurately 
reconstruct the susceptibility tensor. Adding reasonable constraints reduces the 
number of model parameters and can help condition the tensor reconstruction from a 
small number of orientations. The macroscopic magnetic susceptibility is decomposed 
as a sum of molecular magnetic polarizabilities, demonstrating that macroscopic order 
in molecular arrangement is essential to the existence of and symmetry in 
susceptibility anisotropy and cylindrical symmetry is a natural outcome of an ordered 
molecular arrangement.  Noise propagation in the susceptibility tensor reconstruction 
is analyzed through its condition number, showing that the tensor reconstruction is 
highly susceptible to the distribution of acquired subject orientations and to the tensor 
symmetry properties, with a substantial over- or under-estimation of susceptibility 
anisotropy in fiber directions not favorably oriented with respect to the acquired 
orientations. It was found that a careful acquisition of three non-coplanar orientations 
and the use of cylindrical symmetry guided by diffusion tensor imaging allowed 
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reasonable estimation of magnetic susceptibility anisotropy in certain major white 
matter tracts in the human brain.  
3.1 Motivation and Background  
 
 The white matter of the brain is organized in long fibers that trace throughout 
the central and peripheral nervous system (8). Myelin sheaths of axons, which are 
composed of concentric phospholipid bilayers, are intrinsically tied to this fiber 
structure (8,9). The phase of the MRI signal (10,11) and T2* relaxation (12,13) of the 
white matter have been found to depend on the orientation of the fibers with respect to 
the main magnetic field. These effects can be attributed to the existence of an 
orientation-dependent magnetization or magnetic susceptibility anisotropy (MSA) of 
the macroscopic white matter tract. It is well known that macroscopically well-
organized materials with anisotropic electron configurations, such as polymers (14), 
minerals (15) and liquid crystals (16), can give rise to anisotropic magnetic 
susceptibility properties. Like these materials, the highly structured and organized 
nature of the myelin sheath of the white matter leads to its anisotropic magnetic 
behavior (6,17-19). This intrinsic anisotropic nature of phospholipid membranes has 
been previously observed in NMR in vitro within a model system (20). Few other 
structures in the brain present the same level of macroscopic organization as the white 
matter, without which the magnetic anisotropy may not be observable in MRI. 
To assess the orientation-dependent magnetization of materials like white 
matter, susceptibility tensor imaging (STI) can be estimated from MRI data acquired 
at 12 or more subject orientations (17,21), which unfortunately are not acceptable in 
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clinical practice. Furthermore, unlike studying the MSA of rocks using multiple 
acquisitions of the sample over a free range of orientations (22), the limited range of 
orientations with human subjects may lead to substantial noise propagation in the 
observed MSA. Constraining the system with reasonable prior information and 
assumptions can help condition the problem and reduce error propagation. 
Specifically, reducing the number of model parameters will reduce the number of 
required orientations to recover the susceptibility tensor. For example, a cylindrically 
symmetric susceptibility tensor (CSST) will reduce the number of parameters for the 
susceptibility tensor to two from three in the orthonormal tensor frame (23). 
Exploiting symmetry in tensors has been explored in other applications as well 
including characterization of diffusivities in the spinal cord (24) and the orientation of 
minerals in rocks (15). The parallel and perpendicular axes of the white matter fiber 
tract derived from diffusion tensor imaging (DTI) can be used to define this 
orthonormal frame on a voxel-by-voxel basis (Fig. 3.1). As a result, the original 6-
parameter STI problem is reduced to a 2-parameter CSST problem (25). 
The purpose of this work is to systematically explore the symmetry of 
susceptibility anisotropy in the white matter of the human brain and investigate the 
performance of MSA estimation using the CSST and three subject orientations. This 
work employs theoretical calculation, numerical simulations, phantoms and human in 
vivo data. The macroscopic susceptibility anisotropy is connected with molecular 
magnetic polarization anisotropies through their arrangement in space, demonstrating 
that macroscopic order of molecule arrangement is essential to the existence of and the 
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symmetry in susceptibility anisotropy observed in MRI. Error propagation in the 
CSST estimation is analyzed according to the symmetry characteristics of the tissue 
susceptibility tensor and the possible sets of subject orientations acquired in MRI, 
showing that DTI guided estimation of cylindrical MSA in major white matter tracts 
of the brain can be reasonable with as few as three non-coplanar orientations. 
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3.1.1 Origins of magnetic susceptibility anisotropy observed in MRI from the 
macroscopic arrangement of molecules with Magnetic polarizability 
anisotropy 
 
In general, macroscopic tissue magnetization, M, can be described as its 
susceptibility χ times the applied magnetic field, H, 0/  0BHM  , 0B is the 
main magnetic field of the MR scanner and 0  is the magnetic permeability of free 
space (26). χ can be a general 3x3 matrix or tensor to account for the possible 
orientation dependent relationship between the magnetization and the applied field 
(27). The magnetization is the sum of the magnetic moments of molecules in a unit 
volume, which is related to the applied magnetic field by the molecular polarizability 
 
Figure 3.1 The tensor frame is defined by the axes along ||  and  . The subject 
frame is defined by x, y and z axes. These two frames are related by a rotation around 
an axis along the cross product of z and ||  axes with a rotation angle   equal to the 
angle between of z and ||  axes. For the purpose of describing the fiber orientation 
defined by the ||  axis, we also characterize the ||  axis using its polar angle   and 
azimuthal angle   as viewed in the subject frame xyz.  
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tensor 
a
aa 001: BβMβ  , where the summation index a is over all 
molecules in a unit volume. Therefore the susceptibility within a voxel is the sum of 
magnetic polarizabilities of all molecules, 

a
an βχ      [3.1] 
where n is a factor accounting for the density of molecules within a voxel. The 
orientation of a molecule can be represented by its rotation matrix, aR , and its 
magnetic polarizability tensor can be described in terms of its eigenvalues in a 
molecular specific frame where the tensor is diagonal: 
T
aaa βRRβ 
 











3
2
1
00
00
00



β  [3. 2] 
 Biological tissues may contain both isotropic and anisotropic sources of 
magnetic susceptibility (20,28). One major source of susceptibility consists of 
paramagnetic ions due to unpaired electrons (26) including iron deposition (29) and 
MRI contrast agents (30). These paramagnetic ions are known to be isotropic ( aβ = I
= constant times identity matrix) with their magnetic moments independent of 
molecular orientation and have been widely examined using scalar susceptibility 
mapping techniques (31-35), and according to Eqs.1&2 in this section, they will not 
contribute to the macroscopic susceptibility anisotropy.  
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3.1.2  The Susceptibility Tensor of a Voxel with Molecules of Various 
Organizations 
 
Another major type of susceptibility source is diamagnetism from most 
biological molecules, which are mostly anisotropic in spatial structure. They can 
contribute to the macroscopic susceptibility anisotropy observable in MRI through the 
summation over all molecules in a macroscopic unit volume. When anisotropic 
molecules are oriented uniformly over all possible angles, i.e., there is no macroscopic 
order in the molecular alignment, the average over many molecules in a volume with 
molecular density n eliminates anisotropy, rendering the macroscopic susceptibility 
isotropic 
 In this section we will apply Schur’s second lemma from group theory to 
express the expectation value of the magnetic polarizability tensor. To begin, we 
define irreducible and reducible representations; in this paper we are interested in 
matrix representations of the rotation groups. If a representation can be written in a 
block diagonal form, such that its action can be defined on its individual subspaces, it 
is said to be reducible otherwise the representation is irreducible (36). For example a 
rotation about the z-axis can be expressed in 2 or 3 dimensions, the 2D representation 
(2x2 matrices) is irreducible, whereas the 3D representation (3x3 matrices, which are 
block diagonal with the 2D matrix as one block and 1 as the other block) is reducible. 
Schur’s second lemma states: if the matrices R are irreducible representations of a 
group and if a matrix A commutes with R, ARRA  , for all R in the group then A is 
scalar, IA  constant  (36).  
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As stated in Eq. 3.1 the susceptibility of a voxel is the sum of magnetic 
polarizabilities within a unit volume. Considering a specific organization of 
molecules, we introduce the expected mean value of the magnetic polarizability tensor 
as: 

a
T
aa daβRRβ      [3.3] 
where Ra is a 3-dimenional rotation described by Eq. 3.10, and the integration is over 
the possible angles. The explicit matrix form of the rotation Ra is the representation of 
the 3D rotation group.   In the form described by Eq. 3.10, all unconstrained 3D 
rotations form an irreducible representation. The mean polarizability β  commutes 
with all 3D rotations Ra. By Schur’s second lemma, β is a scalar in 3D space, and its 
value can be determined from its trace, which is invariant under rotations. As such the 
resulting susceptibility tensor is: 














3/)(00
03/)(0
003/)(
321
321
321



nisoχ  [3.4] 
where n is a factor to account for the density the molecules within the voxel. 
Therefore, it follows directly from Schur’s lemma that freely oriented molecules will 
result in an isotropic susceptibility tensor( χ = I = constant times identity matrix). 
This result can also be shown numerically.  
Now we consider fixing one of the components of the magnetic polarizability 
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along the z-axis of the voxel. This only allows the molecular axes corresponding to 
1
and 2  to rotate about the 3  axis freely; 3  remains along the z axis of the voxel as 
in Fig 2a.The group under consideration is the 2D rotation group about the z-axis. The 
matrix representation )(ZR , for the rotation about the z axis by an angle,  , is 
reducible in 3 dimensions, while the block in the x-y plane is irreducible. 
Correspondingly, we introduce a 3D mean polarizabilty tensor as: 




dTZZ )()(
2
1
βRRβ      [3.5] 
and we can apply Schur’s lemma similarly to the 2D block. From this we can obtain 
one expression for a cylindrically symmetric susceptibility tensor: 
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This is one possible configuration that could describe the anisotropy of white matter 
that restricts the 3 axis of the tensor to lie along the fiber direction, but allows the 
other components to orient freely in transverse plane, Fig. 3.2a.  
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Figure 3.2: a, shows the configuration of molecules examined for the first cylindrically 
symmetric case. b, shows the more realistic configuration of molecules that describes 
the organization of lipids that exists in myelin. 
 
This organization shows susceptibility that is cylindrically symmetric with molecules 
that have any arbitrary anisotropy. This configuration may not be entirely realistic for 
white matter as it restricts one component to lie along the fiber direction, while it is 
known that the phospholipids of the myelin sheath can undergo diffusion within the 
membrane as the molecules are not chemically bound (37,38). 
 We can obtain more realistic cylindrical symmetry in the organization of 
molecules by imposing that the 3  axis of the tensor must lie in the x-y plane, but the 
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1  and 2  axes are oriented evenly in the plane perpendicular to the 3  axis. This 
allows the molecules to have the freedom to rotate about the 3 axis in the transverse 
plane to account for their freedom of movement, Fig. 3.2b. To do this we decompose 
the 3-dimensional rotation matrix into its Euler angles using the zxz-convention such 
that (39) : )()2/()( aZXaZa  RRRR  , where ZR  and XR  are rotations about the 
z axis and x axis respectively at angles a , /2 and a . Here a  and a  take all 
possible angles. Correspondingly, we introduce the mean polarizability tensor as: 
aa
T
aZXaZaZXaZ dd
a a


 
  ))()2/()(()()2/()(4
1
2
RRRβRRRβ      [3.7] 
Similar to Eq. 3.5, we can apply Schur’s lemma to the two 2D rotations, )( aZ R and 
)( aZ R . The resulting susceptibility tensor is: 
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This organization also shows cylindrical symmetry in the susceptibility tensor with 
arbitrary anisotropy in the molecules within the voxel. Both equations 3.6 and 3.8 
produce a cylindrically symmetric tensor, similar to the white matter tensor model 
presented by Li et al. (17) without assuming that the lipid molecules themselves are 
cylindrically symmetric. 
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For molecular magnetic anisotropy to be observable at the resolution of MRI, 
macroscopic order of the molecular orientation is needed. An example is the order 
within white matter fiber tracts, where the lipid molecules in myelin are arranged in a 
radial pattern perpendicular to the fiber direction (9), resulting in anisotropy in the 
macroscopic magnetic susceptibility (17). One possible model of myelin consists of 
constraining the 3  component to lie along the fiber axis, while the other axes are 
uniformly distributed in the plane orthogonal to the 3  (or fiber) axis, Fig. 3.2a. The 
resulting macroscopic anisotropic susceptibility, 1CSχ  is given by (Eq. 3.6),  
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Fixing one of the molecular axes to lie along the axis of the white matter fiber may not 
be entirely realistic as the molecules are free to diffuse in the membrane since they are 
not chemically bound (37,38). More realistic configurations would allow the molecule 
to rotate about an axis that lies perpendicular to the fiber direction. The cylindrical 
symmetry of myelin may be represented by constraining the 3  component to lie in 
the transverse plane, while the other axes of the molecule are uniformly distributed in 
the plane orthogonal to the 3 axis, Fig. 3.2b. Resulting in a macroscopic anisotropic 
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susceptibility, 2CSχ  given by (Eq. 3.8)  
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Eqs.4&5 indicate that when the molecules are ordered in space along a line or within a 
plane, the resulting macroscopic susceptibility tensor is always cylindrically 
symmetric for molecular magnetic polarizabilities with any anisotropy.  
Data from a model of dysmyelination in shiverer mice brains showed near 
complete loss of anisotropy in magnetic susceptibility suggesting that myelin is largely 
responsible for the observed susceptibility anisotropy (40).  
 
3.1.3 Estimating Cylindrical Symmetric Susceptibility Tensor (CSST) from MRI 
 
The MRI signal phase permits determination of the magnetic field generated 
by a tensor source according to Maxwell’s equations in k-space (6): 
   
2
ˆ
ˆ
3
ˆˆ
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k
bXk
kb
bXb
k



  [3.12] 
where X is the second rank tensor of the magnetic susceptibility in the Fourier domain, 
∆ is the relative field change, also in the Fourier domain, normalized by the main field 
strength, 00 BBb /
ˆ   is the orientation of the main field, and k is the Fourier space 
vector. In general susceptibility tensor imaging (STI), the inverse problem of finding 
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the magnetic susceptibility tensor from the MRI field measurements is solved by 
imaging the subject at multiple bˆ  directions, which can be achieved by reorienting the 
subject in the magnet. Let the subject frame be the orthogonal coordinate system 
coincident with the natural axes defined by the subject, such as the superior-inferior 
(SI), anterior-posterior (AP) and left-right (LR) axes of the head of a volunteer when 
positioned supine and head first in the scanner. Within the subject frame, the solution 
for Eq.12 can be formulated as: 
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[3.13] 
where p is the index of the acquired orientation and wp is a weighting factor to 
minimize the propagation of noise (approximated as Gaussian) in the measured field 
(3). In general, the inverse problem of Eq.3.12 is poorly conditioned and upwards of 
11 orientations has been reported to generate STI (17,21). The cylindrical symmetry 
described in Eq.3.6 or 3.8 with the cylindrical axis estimated from diffusion tensor 
imaging (DTI) can be used to reduce the number of unknowns in Eq.3.12, therefore 
improving the condition of inversion and reducing the number of orientations needed 
(23,25). Important questions that remain to be addressed are to examine the 
improvement in the condition of the problem from assuming symmetry and to 
investigate the accuracy in the estimated CSST that can be achieved with a limited 
number of orientations. 
The experimental part of this work endeavors to answer the latter of these 
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questions. We begin by introducing the following notation for the tensor frame. Let 
the tensor frame for a given voxel be the orthonormal basis in which the susceptibility 
tensor at that voxel is strictly diagonal. For the CSST, the cylindrical symmetry can be 
imposed in this tensor frame by making two diagonal elements identical and the other 
diagonal element correspond to the myelin cylindrical axis as estimated from DTI 
data: 
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The susceptibility tensor in the subject frame, in image space, is then given by χ =RT
Tχ R, where R is the rotation matrix that relates the subject frame to the tensor frame. 
For the CSST, the expression for the forward problem in Eq. 3.12 is updated as: 
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The principal diffusion direction derived from DTI is here assumed to coincide with 
the direction of the parallel component of the susceptibility tensor. The rotation matrix 
is defined by the Euler principal rotation vector formula according to the axis and 
angle of rotation between any two coordinate systems (41): 
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where Vˆ  = [Vx Vy Vz] and   are the axis unit vector and angle of rotation. The angle 
of rotation,  , is the angle between the principal axes in the tensor and subject frames; 
for example the angle between the z axis in the subject frame and the z’ axis in the 
tensor frame.  
 
3.1.4 Condition Number for Estimating the Susceptibility Tensor With and Without 
Constraints  
 
 In examining linear systems of the form, Ax = b, it is useful to have an 
indicator of the stability of the solution of a system from perturbations in the input 
data. Using numerical methods to find a solution for a linear system Ax =b, where A 
is Hermitian, it can be shown that under perturbations on a non-trivial b, δb , the error, 
δx , in the estimate of the solution, δxxx ˆ , is bound by(42):   
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where (A) is the condition of a linear system A and 
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ˆ)sin( bbxA  . In this 
case if the condition number is finite the error in the solution is bound by the condition 
number; if the condition number is infinite the error is unbounded and as such this 
system would be ill-posed. For a system of the form Ax = b, with A Hermitian, the 
condition number of A is an indicator of the error propagation that can be expected 
from small perturbations. The condition number with respect to the 2 norm is defined 
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as the ratio of the maximum to minimum eigenvalues of the system, (A) = 
2
1
2
/ AA =max/min (42). In estimating the STI and CSST, the original system 
matrix A is not Hermitian and the condition number of A
H
A is computed instead, 
where 
H
 indicates the Hermitian transpose. In matrix form the STI and CSST systems 
can be written as block diagonal matrices for which it is possible to calculate the 
eigenvalues similar to COSMOS, (43).  
For STI, Eq. 3.12 in matrix form is written as )()()(
3
,1,
, kkk 
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ijijpp XD
,where p, is the measured difference field for each orientation p and D p,ij is a block 
diagonal matrix whose blocks are px6 matrices for every point in k-space, whose 
coefficients are given by the STI system described by Liu, (6), where the p
th
 row has 
the form: 
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for every point, k , in k-space, where ki is the i
th
 component of this vector, 
ppp 00 /
ˆ BBb   is the applied field vector for orientation p, bp,i is the i
th
 component of 
this vector, each combination ij takes values ij = [ 11, 12, 13, 22, 23, 33]. After 
adopting the compact notation for these coefficients, 
])()()([)( 33,12,11,, kkkk pppijp DDDD  , the system [D
H
D] ij,lm can be seen to be 
block diagonal with 6x6 blocks having coefficients: 
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p
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where ij and lm take values: [11, 12, 13, 22, 23, 33]. The eigenvalues of the overall 
system are determined by the eigenvalues of these 6x6 blocks and the condition of the 
system is the ratio of the maximum to minimum eigenvalue. In order for this block to 
have full rank the number of orientations must be greater than or equal to 6.  
With symmetry constraints Eq. 3.18 can be written in the form: 
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T
ijpp FTD rRrχrRkk , where the constraint in image space for 
the CSST introduces the complication where it is difficult to decouple the 
susceptibility coefficients from the forward problem for the CSST without forming a 
convolution in k-space. For the purposes of analysis, the condition number of the case 
where the rotation matrix is the identity matrix is examined such that the tensor is the 
same in subject and tensor frame. With this assumption the convolution in k-space 
reduces to convolution with a delta function. For this case the CSST in matrix form is 
written as p = DM TX , where M is a block diagonal matrix mapping function that 
allows us to write the parallel and perpendicular components in the tensor frame to the 
six components in the subject frame, whose blocks are: 
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The system DM can be shown to be block diagonal with px2 blocks of the form: 
)()(][ 22,11,1, kkDM ppp DD   [3.21] 
 )(][ 33,2, kDM pp D  [B.5] 
Similar to the unconstrained case the system M
H
D
H
DM, is a block diagonal system 
with 2x2 blocks of the form: 
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The coefficients of these square block matrices can be easily calculated to evaluate the 
eigenvalues and condition of this system. 
3.2 Methods 
3.2.1 Estimation of the Condition Number for the 3-CSST 
 
A detailed discussion of the condition number and how it is calculated in this 
work is presented in here. To investigate the condition number of the CSST we 
examine the case where the rotation is an identity matrix simplifying the convolution 
in k-space. In this case the parallel component of the cylindrically symmetric tensor 
lies along the z axis over the entire field of view in both the subject and tensor frames; 
there is no assumed distribution of tensor coefficients only the orientation of the tensor 
is necessary to estimate the condition of the CSST system. Coefficients for the blocks 
of the system were generated according to Eq.3.22 and eigenvalues were calculated 
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numerically using Matlab. The condition numbers of the 560 sets of 3 orientations 
used in the simulated phantom, Fig. 3.3, were examined. Since matrix components 
were explicitly constructed, to simplify eigenvalue calculations a smaller matrix size 
of 32x32x32 in k-space was used to reduce calculation time and memory 
requirements.  
3.2.2 Numerical Simulation: Sensitivity of 3-CSST to Acquisition Orientations 
 
A numerical simulation consisting of three spherically shaped regions of 
interest (ROIs): two contained isotropic susceptibility (regions A and B in Fig. 3.3a), 
while the third (region C in Fig. 3.3a) contained susceptibility anisotropy similar to 
that observed in human white matter in vivo (17). The values for  and were 
chosen as -0.03 and -0.01 parts per million (ppm), respectively. The simulated data 
consisted of 16 orientations evenly distributed over a unit sphere. A range of tensor 
reconstructions were investigated. First, CSST and STI reconstructions using all 16 
orientations were performed. Second, a CSST reconstruction was performed for each 
set of 3 orientations chosen from the total set of 16 orientations (560 combinations) to 
investigate the variability in results from the limited number of orientations. 
Reconstructions are referred to as N-STI or N-CSST, with N indicating the number of 
orientations used in the reconstruction. A signal-to-noise ratio (SNR) of 100 was 
chosen to approximate the noise observed in human studies; initial simulations in 
preparation for this work with this numerical phantom showed that relatively high 
SNR was required for accurate estimation of the tensor components in the simulations. 
The field map was generated according to the forward model in Eq.3.12. It was 
 ||
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assumed that the principal diffusion tensor eigenvector of the phantom was known 
(taken to be the simulated one) as diffusion data was not simulated.  
The magnetic susceptibility anisotropy (MSA) for a susceptibility tensor with 
cylindrical symmetry was defined as the difference between parallel and perpendicular 
principal components of the tensor,  
MSA = χ|| ‒   [3.23] 
In the unconstrained 16-STI reconstruction, parallel and perpendicular 
components are not well defined; the second eigenvalue may or may not clearly 
resemble either the maximum or minimum eigenvalue, which is needed for cylindrical 
symmetry in general. In this work for comparison among STI and CSST 
reconstructions, the MSA from STI was defined as, 
MSA = 1 ‒ (2 + 3)/2 [3.24]   
where the tensor eigenvalues i are ordered from large to small. This difference was 
chosen since it is expected that the parallel component of the tensor is more 
paramagnetic as observed in previous studies of white matter (17,21). A histogram of 
the mean MSA of the fibers oriented along the x-axis (C in Fig. 3.3a) from all possible 
3-CSST reconstructions was obtained to examine possible bias caused by the limited 
number of orientations. The orientations that were within ±50 from the x-axis of the 
simulation were considered to be within the range of human feasible orientations.  
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3.2.3 Numerical Simulation: Realistic Fiber Orientations and MSA Estimation 
 
 To investigate the error in the susceptibility tensor reconstructed from a limited 
number of orientations, a numerical simulation was performed using the brain 
anatomy of a volunteer in this study. An automatic segmentation algorithm, FAST 
(44), was used to segment a T2 weighted image obtained in this volunteer into white 
matter, grey matter and cerebrospinal fluid (CSF). Specific grey matter regions were 
identified by hand from this initial segmentation. The white matter (WM) was set to 
have a homogeneous susceptibility tensor (in the voxel specific tensor frame) that was 
cylindrically symmetric, ||  = -0.01ppm and   = - 0.03 ppm. The grey matter and 
CSF regions were set to have isotropic magnetic susceptibility described by scalars as 
follows: CSF, 0 ppm; globus pallidus (GP), 0.19 ppm; putamen (PU), 0.09 ppm; 
thalamus (T), 0.07 ppm; red nucleus (RN), 0.07 ppm; substantia nigra (SN), 0.09 ppm; 
dentate nucleus (DN), 0.09 ppm; caudate nucleus (CN), 0.09 ppm; and cortex (C) 
0.05 ppm, similar to values observed in vivo (45). The orientation of the tensor for 
each voxel was defined by the principal diffusion eigenvector, obtained from a DTI 
acquisition in the same subject and registered to the anatomical image. The 
susceptibility tensor in the subject frame, defined by the anatomical image, was 
calculated using the relation χ =R
T
Tχ R, and the field inhomogeneity due to this 
susceptibility distribution was simulated using the forward problem Eq.3.12. Noisy 
phase data for this simulation was generated in the same fashion as the above 
numerical simulation. 
 The sensitivity of the anisotropy estimation to various acquisition orientations 
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was investigated in this simulated data set. Three types of tensor reconstructions were 
generated as follows: 1) using the same three orientations as acquired on the Subject 1, 
2) using the 12 orientations acquired on the Subject 1 and 3) using twelve orientations 
evenly distributed over a sphere; these acquisition schemes are referred to as human 3, 
human 12 and uniform 12 respectively. The anisotropies generated from these 
reconstructions were evaluated against the known anisotropy in the simulation. An 
error map was generated by plotting the average error for every encountered fiber 
direction. To depict the orientations represented in this numerical brain, a 3D 
histogram was displayed as a 2D intensity map. 
3.2.4 Experimental Anisotropic Phantom 
 
The anisotropic phantom consisted of a bundle of parallel carbon fibers (12K 
carbon fiber tow, Aerospace Composites), a known source of cylindrically symmetric 
susceptibility anisotropy (14) approximately 3cm in length and 3mm in diameter 
immersed in a 1% agarose gel background in a cylindrical container (10cm diameter, 
6cm height). The direction of the fibers used for the CSST reconstruction was 
obtained by determining the axis of the bundle from the magnitude image. Two water 
balloons were added as isotropic references containing 2.5 and 5mM of Magnevist, 
which corresponded to susceptibilities of 0.8ppm and 1.6ppm, respectively. Multi-
echo gradient data was acquired in twelve distinct orientations uniformly distributed 
over the unit sphere. 
 For this phantom, three types of tensor reconstructions were performed on the 
acquired data: the CSST and STI reconstructions using all twelve orientations and the 
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3-CSST for each of the 220 combinations of three orientations out of the available 
twelve. The relationship between the molar susceptibility of gadolinium is well 
known; since there is no inherent anisotropy within the gadolinium solutions, their 
magnetic susceptibility tensors should be defined by a single scalar susceptibility. 
Accordingly, anisotropy within the eigenvalues of the gadolinium phantom was used 
as a measure of error in the estimated susceptibility tensor. The MSA from each 
concentration of gadolinium across the reconstructions was compared for consistency 
of the estimated anisotropy. A histogram of the MSA of the 220 3-CSST 
reconstructions was constructed to examine bias in the anisotropy from these 
reconstructions. The mean magnetic susceptibility, or MMS, defined as  
MMS = (1 +2 +3)/3  [3.25]  
was calculated for each of the balloons. The prepared concentration of Gadolinium 
was converted to ppm using the molar susceptibility of 326 L/mol (3). A regression 
analysis against the prepared gadolinium susceptibility was performed to examine 
errors in the reconstructions of isotropic materials.  
3.2.5 Human Subject Study 
 
 
 Human studies were performed with approval from our institutional review 
board. In four healthy volunteers (3 male, 1 female, age 28±2.9 years), the 3-CSST 
was calculated from 3 acquisitions with isotropic 1.5x1.5x1.5mm
3
 resolution in the 
supine position, including neutral, left- and right-leaning orientations. One volunteer, 
Subject 1, consented and was able to perform an additional 9 orientations using a 
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combination of neutral, left-, right-, forward- and backward-leaning orientations in 
supine and prone positions. On this volunteer, all twelve orientations were used to 
reconstruct the tensor with and without symmetry constraints (12-CSST and 12-STI), 
and all possible 3-CSST reconstructions were performed for each set of 3 orientations 
within the available set of twelve (220 combinations). On all susceptibility tensor 
reconstructions, the MSA and MMS were measured in predefined ROIs in four major 
white matter tracts, including the splenium, body and genu of the corpus callosum 
(SCC, BCC and GCC, respectively), and optic radiations (OR). Summary statistics 
were calculated across all volunteers and reported as mean ± standard deviation unless 
otherwise stated. Histograms were generated over all 3-CSST reconstructions in 
Subject 1 in the white matter ROIs. For human subjects, the analysis of the results 
focused on major white matter tracts, where the principal fiber direction was assumed 
to be uniform with few crossing fibers. The principal eigenvectors for the estimated 
DTI and STI reconstructions in Subject 1 correspond to the principal eigenvalue, 
signed maximum value, in the eigenvalue decomposition. The absolute value of the 
dot product of these vectors, |V1STI⋅V1DTI|, is used here to indicate the degree of 
alignment between them, with 1 indicating aligned and 0 orthogonal vectors. 
Alignment in ROIs identified in the brain, SCC, BCC, GCC, OR and centrum 
semiovale (CS) were compared with a one-way ANOVA.  
3.2.6 Data Acquisition 
 
 All experiments were performed on a 3T clinical MR scanner (General Electric 
Excite HD; GE Healthcare, Waukesha, WI, USA). An 8-channel head coil was used 
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for the phantom study. A sample holder was constructed from a Styrofoam ball to 
reproducibly reorient the sample evenly over a sphere. A total of 12 acquisitions were 
obtained at an isotropic resolution of 1mm
3
. These orientations were acquired with a 
multi echo gradient echo (MEGRE) sequence with a total of 8 echoes and echo time 
(TE) spacing of 3.4ms and repetition time (TR) of 71.6ms, flip angle of 15, 
bandwidth of 62.5kHz, acquisition matrix of 130x130x116, field of view (FOV) of 
13cm, and a slice thickness of 1mm. In the phantom, DTI information was not reliable 
due to the lack of observed restricted diffusion signal in both the isotropic and 
anisotropic sources.  
The MEGRE sequence was also used for the volunteer studies, but with the 
larger transmit/receive head coil to allow for a greater degree of rotation. Imaging 
parameters were as follows: 11 echoes with TE spacing of 2.64ms, TR of 46.94ms and 
1.5x1.5x1.5mm
3 
resolution. The 9 additional orientations were acquired on Subject 1 
to allow a 12-STI reconstruction. A 2D echo planar imaging (EPI) dual spin echo DTI 
sequence was used to acquire diffusion tensor data on each of the volunteers with a 
resolution of 2x2x2.4mm
3
, with parameters: 33 directions, b value of 1000s/mm
2
, 
22cm FOV, acquisition matrix of 110x110, 2.4mm slice thickness, 17sec TR, 85.3ms 
TE and bandwidth per pixel of 1953.12Hz. 
3.2.7 Data Processing 
  
 Phase information was calculated from the complex MRI signal. Phase data 
were first temporally unwrapped across echoes. Next, the resulting multi-echo phase 
data were linearly fit to estimate the field inhomogeneity relative to the 0B field 
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(3,46). Subsequent spatial unwrapping of this field map was performed with a region 
growing algorithm (47). The background field was removed using the projection onto 
dipole fields method (48). All tensor calculations were performed in MATLAB using 
a conjugate gradient solver. Spatial warping of the diffusion data was corrected and 
registered to the gradient echo data using FUGUE and FLIRT (49). The registration 
between the orientations and the subject frame was used to determine the bˆ  vector in 
each of the orientations. Estimated MMS was calculated from the reconstructed 
susceptibility components. Since the MSA is insensitive to the choice of reference, no 
such reference was determined in phantom and human data. 
 
3.3 Results 
 
3.3.1 Estimation of the Condition Number for the 3-CSST 
 
The 560 sets of 3 orientations in the simulated phantom showed the following 
condition min/median/max numbers: 9.4x10
3
/ 3.2x10
5
/ 3.1x10
11
, after excluding one 
infinite condition number for the set of 3 orientations that were aligned close to a 
single plane. Twenty of these 560 sets contained human feasible orientations, having 
the min/median/max condition numbers of 2.0x10
4
/ 7.1x10
5
/ 1.8x10
8
. Preliminary 
experiments with larger matrix sizes did not significantly affect the calculated 
condition number of this system. 
3.3.2 Numerical Phantom Simulation 
 
Both 16-CSST (MSA:201.2 parts per billion, ppb) and 16-STI 
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(MSA:191.6ppb) gave reconstructed MSA in close agreement with the truth; giving -
0.5% and -5.5% error, respectively. 96% of all simulated 3-CSST reconstructions 
estimated the MSA of the fiber within 10% of the true MSA; the 3-CSST of human 
orientations was in this 10% error group with an average of -2.4% error. There was a 
tail in the distribution biased towards higher MSA. An outlier at the end of the tail had 
sampled bˆ  directions (represented in the inlaid plot of Fig. 3.3b) that were largely 
perpendicular to the ||  direction (along the x axis). 
 
Figure 3: a, shows a slice through the simulated phantom displaying the configuration 
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of the isotropic sources, A and B, and anisotropic susceptibility source C with its 
orientation along the x axis (white arrow). b, Error in mean anisotropy detected in the 
simulated fiber over all combinations of possible 3-CSST reconstructions. Light gray 
bars indicate human feasible acquisitions and dark gray bars indicate all possible 
combinations of three orientations. The three black lines on the y-z plane in the inlaid 
figure indicate the three bˆ  directions for the outlier 3-CSST MSA result of 29.6% 
error (gray arrow). 
 
3.3.3 Numerical Brain Simulation 
 
The true MSA map and reconstructed MSA maps are shown in the top row of 
Fig.3.4. The distribution of fiber orientations in the simulation and the observed error 
in the reconstructed MSA with respect to fiber orientation are shown in the bottom 
row of Fig.3.4.  
The MSA as measured by the 3-CSST had erroneous hyper- and hypo-intense 
bands (over- and under-estimation) in the regions of the body of corpus callosum and 
the centrum semiovale (BCC and CS, respectively; white and black arrows/circles in 
the top/bottom of Fig. 3.4). The intensity of these error bands was reduced when the 
reconstruction was based on the set of 12 human feasible orientations and was 
significantly diminished with a uniformly distributed set of 12 orientations. The MSA 
error varied substantially with fiber orientations.  
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Figure 3.3: Estimation of white matter MSA using realistic fiber orientations with 
various CSST reconstructed MSA (top row) and associated errors (bottom row). The 
lower left corner shows a histogram of the fiber orientations estimated from 
experimental human data (the black region corresponds to few samples). Red 
diamonds in the error maps represent the bˆ  directions in each of the corresponding 
MSA maps in the top row. The white and black circles in the error maps correspond to 
the regions indicated by the white and black arrows in the MSA maps respectively.  
3.3.4 Experimental Anisotropic Phantom 
 
 The image quality of the 12-CSST and 12-STI reconstructions were similar, 
and both were superior to that of the 3-CSST (Fig.3.5a), consistent with observations 
in the simulated phantom; data not shown. The MSA estimated by the 12-CSST (740 
ppb) was not significantly different from that estimated by the 12-STI (770 ppb, 
p=0.56). The mean MSA of the 3-CSST reconstructions was 650 ppb, 12% lower than 
the 12-CSST/12-STI estimates. In the 3-CSST with orientations restricted to a human 
feasible range, the MSA was further skewed towards the lower end of the distribution 
(Fig.3.5b). All estimated MSAs for the carbon fiber were within the range of values 
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reported in the literature (50). 
 
Figure 3.4: a, Eigenvalues of the STI and parallel and perpendicular components of the 
CSST reconstructions of the phantom consisting of both isotropic and anisotropic 
materials. b, Histograms of MSA detected in the carbon fiber over all 3-CSST 
reconstructions of the phantom (dark gray bars) and the sets of 3-CSSTs that lie within 
a human feasible range (light gray bars). The black triangle and square indicate the 
location of the mean anisotropy detected in the 12-CSST and 12-STI reconstructions 
respectively.  
 
In the gadolinium balloons of this phantom, regression analysis showed similar 
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fits of mean susceptibility in the gadolinium balloons with a slope of 0.86 (R
2
 = 0.98) 
for 12-CSST, 0.86 (R
2
 = 0.91) for one 3-CSST and 0.89 (R
2
 = 0.97) for 12-STI; no 
statistical difference, P>0.05 between regressions.   
3.3.5 Human Subject Study 
 
For Subject 1 with all 12 orientations, 12-STI, 12-CSST and 3-CSST were 
successfully reconstructed. The traces of these reconstructions (in Fig. 3.6) 
demonstrated striking similarity with increased noise with fewer orientations. The 
MSA maps of 12-CSST and 3-CSST were similar, but this visual similarity was 
limited to the major white matter tracts when compared to the MSA map of 12-STI 
(Fig. 3.7).  
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Figure 3.5: Diagonal components of the 12-CSST and 3-CSST reconstructions and the 
eigenvalues of the 12-STI reconstructions from Subject 1. 
 
A comparison of the STI versus DTI principal eigenvector maps in Subject 1 showed 
high correspondence in some anatomical regions like the corpus callosum and optic 
radiations, but regions that were oriented along the SI direction showed poor 
alignment. It was found that the absolute value of the dot product resembled the 
pattern in the estimated anisotropy maps, particularly in the axial plane, Fig. 3.7 versus 
the middle row of Fig.3.8.  
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Figure 3.6: Comparison of MSA maps generated within Subject 1 compared to the 
color FA generated from the diffusion data. 
 
The SCC (|V1STI ⋅V1DTI|: 0.440.30), BCC (0.690.29), GCC (0.680.28) and OR 
(0.560.27) were all regions that laid in planes mostly perpendicular to the SI 
direction and all showed significantly stronger alignment compared to the CS 
(0.380.25, P <0.05 using a multiple comparison test), which was mostly oriented 
along the SI direction as determined by DTI. The mean susceptibility maps of all three 
reconstructions showed many similarities with the scalar reconstruction of the neutral 
orientation of the brain (Fig. 3.9). The 3-CSST MSA maps were largely consistent 
across volunteers for the axial, sagittal and coronal planes (Fig. 3.10).  
Table 3.1: Mean MSA detected across 3-CSST reconstructions of all volunteers, in 
ppb 
 
SCC BCC GCC OR 
Subject 1 5  21 20  38 -24  28 30  24 
Subject 2 14  12 31  24 -31  14 30  22 
Subject 3 8  16 22  23 -35  13 31  22 
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Subject 4 -7  18 37  24 -1  13 27  23 
 
The 3-CSST mean MSA values measured in 4 major white matter tracts were 
listed in Table 1 for all subjects. The MSA for reconstructions in Subject 1 are listed in 
Table 2.  
 
Figure 3.7: First and second columns: maps of the principal eigenvector direction as 
derived from DTI and STI (both weighted by the FA from DTI) in sagittal (top), axial 
(middle) and coronal (bottom) section. Directions are color coded according to the 
arrows. Third column: the absolute value of the dot product between the vectors.  
 
Table 3.2: Mean MSA detected across reconstructions of 12 orientations in Subject 1, 
in ppb 
 
SCC BCC GCC OR 
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12-STI 34  13 37  13 43  14 37  13 
12-CSST 17  14 30  38 4  20 7  18 
3-CSST 5  21 20  38 -24  28 30  24 
 
There was reasonable consistency among the measured MSA values of the BCC 
across all subjects and among all reconstructions in Subject 1. There was also 
reasonable consistency among all subjects for 3-CSST MSA values of the OR. 
Compared to BCC, there were larger variations for MSA values of GCC and SCC. 
The MSA values for all 220 possible 3-CSST reconstructions were plotted for the 4 
identified white matter tracts (Fig. 3.11), showed less spread in BCC and SCC than 
GCC and OR. 
 
Figure 3.8: Mean magnetic susceptibility, from each of the susceptibility tensor 
reconstructions compared to a scalar susceptibility reconstruction of the neutral 
orientation.  
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Figure 3.9: MSA maps generated from the 3-CSST of all of the volunteers, view in 
sagittal (top), axial (middle) and coronal (bottom) section. 
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Figure 3.10: Histograms of the mean MSA (ppb) in white matter regions over all 220 
combinations of 3-CSST from acquired orientations in Subject 1; the black diamonds 
mark the mean MSA estimated from the 12-CSST.  
 
 
3.4 Discussion 
 
Our analysis of decomposing macroscopic tissue magnetic susceptibility into a 
sum of microscopic molecular magnetic polarizabilities demonstrates that 
susceptibility anisotropy observed in MRI requires both intrinsic anisotropy in 
molecular polarizibility and macroscopic order in molecular arrangement. Order 
achieved by restricting a molecules’ axis to lie in a plane or a line lead to cylindrical 
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symmetry in the susceptibility tensor. Myelin lipids are a major source of 
susceptibility anisotropy of the major white matter tracts in the human brain. These 
structures have a macroscopic arrangement observable at the resolution of MRI, 
allowing the cylindrical symmetry model to be used in susceptibility tensor imaging 
(STI). 
Neurological diseases such as multiple sclerosis (51) or rare hereditary neuropathies 
can affect the formation of myelin and lipid metabolism, which can greatly affect the 
presence and appearance of myelin (52-54). The abnormal formation of myelin would 
undoubtedly affect the symmetry of the myelin sheath. These changes are very 
inconsistent on a microscopic scale and all such syndromes appear lead to eventual 
demyelination (52-54). As a consequence to the reduced macroscopic order in lipids, 
we may expect reduced anisotropy in macroscopic susceptibility in diseased myelin. It 
has been observed within Shiverer mice that demyelinated white matter showed 
significant loss in MSA (17). Further evidence may be obtained from other mouse 
models of demyelination or dysmyelination and from patients with demyelinating 
diseases. Conversely remyelinated axons appear to regain some of the function of 
normal neurons and some of the cylindrical symmetry in the organization of lipid 
layers. (55). This remyelination process could be monitored by measuring the increase 
in MSA.  
The cylindrical symmetry of the susceptibility tensor (CSST) can be estimated from 
diffusion tensor imaging (DTI) and can then be used to obtain an estimation of MSA 
of the white matter tracts of the brain from a reduced number of subject orientations. 
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Our results in simulation, phantom and human studies show the reconstructed 
susceptibility tensor is very sensitive to the distribution of acquired subject 
orientations used in the reconstruction, which was not explored previously. With 
judiciously chosen 3 non-planar orientations in the human study, it was found that, the 
3-CSST reconstruction had similar tensor anisotropy in main white matter regions 
compared to the 12-CSST and 12-STI reconstructions directly in this study, the in vivo 
anisotropy maps in earlier work with more orientations and/or higher field strength 
(17,25), and the anisotropy of white matter measured in vitro (10).   
 The reduction in the number of sampling orientations is highly desired in 
practice for STI. Acquiring all 12 orientations in a single volunteer required a total of 
4 hours of scan time. In addition to the long scan time to acquire a single orientation 
(~10 min in this study without parallel imaging), repositioning and stably holding a 
human head at various orientations required particular care and time in preparing for 
each of the scans. Completing all 12 orientations demanded substantial cooperation 
from the subject and the subject had to take breaks between scan sessions. For this 
reason, we were only able to achieve 12 orientations in one subject. In contrast, the 
three orientations studies were easily acquired in every subject within 1 hour, which 
may be further shortened using parallel imaging. The three orientations (neutral, left 
and right leaning) performed by all volunteers in this study were tolerable. Additional 
orientations increase subject discomfort particularly when tilted forward or backward, 
which leads to decreased image quality due to motion and poorer field measurements. 
This reduction in time to within 1 hour and increase in subject tolerance are critical for 
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both exploring clinical possibilities and research investigations requiring larger 
numbers of subjects. 
Characterization of tensor anisotropy in STI is not as easily defined as it is in 
DTI. The fractional anisotropy (FA) commonly used in DTI for the characterization of 
the anisotropy of a tensor no longer has a meaningful interpretation with FA=0 as 
isotropic and FA=1 as a line for the susceptibility tensor; because components can be 
negative resulting in values for FA greater than 1. We also found FA to be too 
sensitive to the noise in STI, which has much poorer SNR than DTI. One may achieve 
an anisotropy measurement robust against noise and sensitive to high susceptibility 
anisotropy by adding a regularizing constant to the tensor components (48). However, 
this may introduce a bias that varies with the regularization constant. With cylindrical 
symmetry each voxel is constrained to two principal susceptibility coefficients parallel 
and perpendicular to the fiber axis. Their difference, or MSA, is 0 for isotropic 
materials. Deviations away from 0 indicate anisotropy. This measure has been 
previously used to define susceptibility tensor anisotropy (25,50), and can be extended 
for a general susceptibility tensor using its eigenvalues in STI. 
Fundamentally, STI is an extension of the inverse problem of quantitatively 
determining the scalar susceptibility map from MR field measurements (QSM), which 
has an intrinsic ill-posedness arising from the zero cone surfaces of the dipole kernel 
in the Fourier domain. STI requires additional susceptibility parameters, further 
exacerbating the ill-conditioned nature of the STI inversion problem. The CSST uses 
tensor frame orientation information to reduce the number of unknowns to two 
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parameters per voxel. This reduces but does not eliminate the ill-conditioning of 
determining the two tensor susceptibility parameters, perhaps due to the zeroes of 
coefficients (resembling dipole kernel coefficient in QSM) of the 2x2 linear system of 
equations (Eq.3.22). This ill-posedness can be characterized in a detailed analysis of 
the condition number for the CSST, similar to that for the COSMOS method of QSM 
(43,56). Examination of 3-CSST over a range of orientations showed poor condition 
numbers ranging from 104 to 1011. The choice of 3 human orientations limits how far 
the condition number can be brought down. The worst error propagation was observed 
when the 3 orientations were roughly planar, leading to erroneous estimation of MSA. 
Accordingly, co-planar 3 orientations have to be avoided in implementing 3-CSST. 
Further investigation to improve estimation of the susceptibility tensor may include 
identifying an optimal configuration of orientations that produces the best conditioned 
system, and formulating a Bayesian approach that allows use of prior information 
similar to QSM (3,31,33,35,56-58). 
It was found that the simulated 3-CSST reconstruction of orientations 
uniformly spread over a sphere provided fairly accurate estimation of the true 
susceptibility anisotropy, most within 10%. However, the 3-CSST is sensitive to the 
sampling angles (Fig. 3.3). In addition to the sampling angle dependence  bk ˆ  shared 
with QSM, there is an additional susceptibility tensor angle dependence  bX ˆ  unique 
to tensor imaging. When the 3 orientations are nearly coplanar, tensor components 
perpendicular to the plane do not contribute significantly to the observed field shifts in 
any orientation (Eq. 3.12), which poorly conditions the inverse problem contributing 
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to large noise propagation in these components. Specifically, for the limited human 
range of orientations, the 3-CSST reconstruction may appear to be skewed, and the 
MSA detected may be erroneously high (Fig. 3.3).  
Further simulations of realistic fiber directions and estimation of MSA show 
that within a particular set of three acquisitions, the MSA error maps (Fig. 3.4) show 
regions of consistent over- and under-estimation. The MSA error maps reflect the 
noise propagation into the reconstructed tensor components; the variance in the 
components was on the order of 0.01ppm in white matter and yielded possible errors 
of up to  50% for any particular fiber, Fig. 3.4. Less error is observed when more 
orientations are incorporated into the cylindrically symmetric reconstruction (such as 
the 12 orientations acquired in Subject 1), and when those orientations are more 
evenly distributed (such as the 12 uniformly distributed orientations). From these 
observations, high SNR and evenly distributed orientations were shown to be 
necessary for consistent estimation of susceptibility anisotropy with a realistic 
distribution of fiber orientations like those observed in the human brain even with the 
symmetry constraint.  
A comparison of the MSA maps for the simulation and the volunteers, Fig. 3.4 
vs. Fig. 3.10, showed similar regions of hyper- and hypo-intensity. In the simulation, 
this led to both under- and over-estimation of the anisotropy due to the distribution of 
acquisition directions unfavorable to those fibers. In the human data, there are many 
factors that are not accounted for in the simulation, such as the density of fibers and 
crossing fibers that exist in various regions in the human brain, which would also 
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affect the MSA of the white matter. The brain simulation demonstrates that the 
distribution of orientations is a contributing factor to errors in the MSA in the human 
brain, particularly in the BCC and CS, as shown in Fig. 3.4.  
There is a high degree of alignment between principal eigenvectors of 
diffusion tensors (DT) and susceptibility tensors (ST) in the corpus callosum and optic 
radiations, but there is also poor alignment in the centrum semiovale (Fig. 3.8). The 
pattern of the observed errors in the estimated MSA in the brain simulation is 
consistent with that of misalignment of the DT and ST eigenvectors of major white 
matter tracts in the human study. MSA underestimation for fibers parallel to the SI 
direction in the simulated brain (ϕ=0 in Fig. 3. 4) corresponds to poor alignment 
between DTI and STI eigenvectors in the human data (Fig. 3.8). Differences in 
alignment could be due to errors in the STI reconstruction from limited human 
orientations or intrinsic differences between the ST and DT principal eigenvectors. 
The limited range of human orientations causes errors in the STI reconstruction, which 
may contribute to misalignment between the ST and DT. In the periphery of the brain, 
there are crossing fibers that may make it difficult to estimate DT eigenvectors and 
their alignment with ST eigenvectors. Our experimental data show that, for most 
major white matter tracts, the DTI derived prior information could be a reasonable 
estimate of the principal direction of the susceptibility tensor. 
It is not straightforward to compare estimates of anisotropy between STI and 
CSST reconstructions. MSA from the STI reconstruction is always positive due to the 
ordering of the eigenvalues and there is no natural way to define parallel and 
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perpendicular components explicitly in this reconstruction. This leads to decreasing 
variability of the MSA estimates, which are now by definition positive. The error in 
susceptibility tensor reconstruction is determined in large part by the noise 
amplification of the poorly conditioned inverse problem. This suggests that the 
constrained reconstruction also has the added benefit of denoising in situations where 
the known tensor symmetry can be used to improve the condition of the inversion.  
 Susceptibility tensor imaging of the human brain is challenging due to the 
limited range of orientations available to sample the orientation dependence of the 
magnetization. The lack of ground truth adds to the challenge. The center of k-space 
for the susceptibility tensor map is not determined, making a reference for the absolute 
susceptibility of any particular region difficult to define in a human subject. The focus 
of this study, MSA, is based on a difference of components, which should not be 
sensitive to this issue. The genu of the corpus callosum is particularly difficult to 
reconstruct in both the scalar and tensor susceptibility cases due to reduced SNR near 
the air tissue interfaces of the frontal sinuses. Imperfect background field removal 
further complicates reconstructing susceptibility tensor in some regions of the brain. 
Consequently, the reliability in estimating MSA is low in some regions of the brain. 
This may explain the greater variability observed in the genu of the corpus callosum 
than in other regions of the brain Table 2 and Fig. 3.11. While it is relatively easy for 
healthy volunteers to perform three orientations in the MR scanner, patients may have 
difficulties performing three head orientations, and the acquisition time of three 
orientations may be too long to be part of a clinical protocol. Given the dependence of 
 52 
MSA on the choice of the orientations for the 3-CSST (Fig. 3.11) the ability of a 
volunteer to follow instructions to perform the orientations may also affect the 
estimated anisotropy map. 
STI shares many of the problems of DTI in estimating tensor components and 
anisotropy on a voxel level. For example, even with an ideal distribution of samples 
over a sphere, voxels containing crossing fibers pose a problem when reconstructing 
the tensor. A single MSA value as determined by the average tensor in the voxel may 
not reflect the different components present in that voxel. In the diffusion tensor case, 
this phenomenon effectively decreases the detected diffusion anisotropy erroneously 
(59). In these voxels, the principal diffusion direction may not be the parallel axis of 
the susceptibility tensor. Additionally, for the CSST reconstructions, DTI has a lower 
resolution when compared to the gradient echo data and thus the resolution with which 
DTI can determine the direction for thinner white matter tracts in the brain is reduced. 
This in turn lowers the confidence with which the assumption of symmetry can be 
applied in these voxels. This phenomenon may account for some of the differences in 
the susceptibility observed at the edges of anatomical structures or in the center of the 
corpus callosum at the gap between the hemispheres. However, increasing the 
resolution of the EPI based DTI acquisition also increases the noise in the images, 
which then reduces the reliability of the diffusion directions. As a result, the CSST 
constraint may only be appropriate for specific regions of the brain. Further 
investigations are needed to explore similarities and differences between diffusion and 
susceptibility tensor frames. For qualitative mapping of susceptibility anisotropy of 
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white matter tracts, our volunteer data suggest that the instructions for this 3-CSST 
may be robust enough in practice. 
3.5 Conclusion 
 
 In this work we have explored theoretical and experimental aspects of 
estimating MSA in white matter tracts from human feasible data. We have shown 
cylindrical symmetry in susceptibility anisotropy from configurations of molecules 
with orientations similar to the non-rigid structure of the myelin sheath. Cylindrical 
symmetry can be used to improve the condition of estimating the susceptibility tensor, 
CSST, from MRI acquired with few subject orientations. Our analysis of noise 
propagation shows the error in the estimated MSA of the CSST is sensitive to the 
relative angle between the fiber direction and the acquired orientations of the subject, 
with substantial error observed when the subject orientations are coplanar. We find 
that DTI guided estimation of cylindrical MSA in major white matter tracts of the 
brain can be reasonable with as few as three non-coplanar orientations particularly in 
the corpus callosum and optic radiations.
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CHAPTER 4 
4 THE INFLUENCE OF MOLECULAR ORDER AND MICRO-STRUCTURE 
ON  R2* RELAXATION AND MAGNETIC SUSCEPTIBILITY TENSORS 
 
The study of the magnetization and relaxation properties of molecularly 
ordered materials is of particular interest in studying white matter fibers. In this work 
we present a study of the effect of composition and organization on the magnetic field 
within white matter as measured with both relaxation and susceptibility anisotropy. 
We demonstrate that voxels that contain both sub-voxel structure and molecular order 
can lead to relaxation and susceptibility anisotropy, whereas absence of intrinsic 
molecular order leads to anisotropy only in relaxation. We find a significant structural 
correspondence between diffusion, susceptibility and relaxation measurements in the 
white matter in vivo, providing evidence for the contribution of anatomical structural 
and molecular order to the MR signal. In this work phantom studies are used to 
investigate relaxation and susceptibility tensors of materials with and without intrinsic 
molecular order and micro-structure to demonstrate the effects of sub-voxel 
architecture. A wild bootstrap analysis of the relaxation and susceptibility 
reconstructions is performed to examine confidence in the estimated orientation of 
these tensors. R2* and STI thus reveal information about the structure of the tissue and 
molecular organization. 
 
 55 
4.1 Motivation and Background 
 
There has been substantial interest in measuring microstructure of the brain 
from the macroscopic MRI voxel signal. The R2* in white matter is dependent on 
fiber orientation with respect to the applied field and has been used to examine white 
matter fiber architecture (11,13,60,61). The orientation dependence of R2* arises from 
the field inhomogeneity induced by the composition and arrangement of susceptibility 
sources. The interpretation of R2* in MRI is non-trivial; consisting of both the rate of 
T2 relaxation and the effects of field inhomogeneity in that voxel. The latter often 
dominating R2*(2). Both local sources of magnetization within and outside can affect 
the field inhomogeneity within the measured voxel.  
Recently, magnetic Susceptibility Tensor Imaging (STI) was introduced to 
provide a more direct way to examine the magnetization of tissues with molecular 
order, such as myelin (6,17,62). The highly organized structure of myelin (9) in white 
matter of the brain has been studied with susceptibility tensor reconstructions in vivo 
and in vitro (6,17,21,48,62). These studies demonstrate significant anisotropy in STI 
similar to that obtained with diffusion tensor imaging (DTI) (59).  
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Micro-structural Properties 
  
Organized Disorganized 
Molecular 
Properties 
Anisotropic 
I 
 Carbon Fiber Bar/ 
Ring (white Matter) 
R2* and STI 
anisotropy 
II 
 Carbon Fiber Bits 
R2* and STI isotropy 
Isotropic 
III 
Capillary Tubes 
(blood Vessels) 
R2* anisotropy only 
IV 
Gadolinium Balloons 
R2* and STI isotropy 
Figure 4.1: Molecular and micro-structural properties under examination, each case (I, 
II, III and IV) list the associated relaxation and susceptibility tensor properties. 
 
We investigate both R2* and susceptibility tensors simultaneously for their 
dependence on microstructure and molecular properties using specifically designed 
phantoms. Examples of the effects observed in the phantom studies are then examined 
in human brain data; in white matter fiber tracts and deep periventricular veins. 
Because of the increased sensitivity to noise of the R2* and susceptibility tensor 
anisotropy (13,17), the tensor eigenvectors are compared instead, using a wild 
bootstrap analysis to measure the confidence in the measured eigenvectors. This 
allows us to quantify and compare the stability of the principal axes of the tensors. We 
find significant correlation of the eigenvectors in major white matter tracts between 
susceptibility and R2* measurements, but not in deep periventricular veins, consistent 
with the presence of molecular order and microstructure.  
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4.2 Theory 
 
We recently demonstrated that the susceptibility anisotropy requires both 
microstructure and molecular anisotropy (62). We briefly review susceptibility tensor 
imaging and focus on R2* anisotropy caused by microstructural anisotropy regardless 
of molecular anisotropy. 
4.2.1 Susceptibility Tensor Imaging (STI) 
 
 Susceptibility anisotropy arises from the presence of ordered anisotropic 
molecules within the voxel; as observed in vitro and in vivo (17,21,48). The 
magnetization of biomaterials under an applied field   is proportional to the magnetic 
susceptibility of the source (26): 
       , [4.1] 
where  is an approximate summation of the polarizability tensors of all molecules in 
a voxel (62). The relationship between the applied field and the resulting field of 
material magnetization can be expressed in Fourier space (k-space)(6): 
 ( )  
 ̂⋅( ⋅ ̂)
 
  ̂ ⋅   
 ⋅( ⋅ ̂)
  
, [4.2] 
where ( )is the field in k-space,  ̂     |  |, and X is the Fourier transform of 
susceptibility tensor . The solution for STI is computed as described previously, with 
a conjugate gradient solver (62),  
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4.2.2 R2* Orientation Dependence  
 
The signal (S) at a voxel in a gradient echo image of echo time (TE) with a 
single species of protons can be modeled as: 
 (    )         ∫     ( )       ( )  
 
,  [4.4] 
where the integration is over the volume of the voxel (v),  ( ) is the spatial 
distribution of the proton density at position vector r,    is the Larmor frequency and 
  ( ) is the field (scaled to   ) of magnetization in image space along the B0 
direction (63). The Fourier transform of Eq.4.2 is, 
  ( )    ( ( ))   ̂
 (    )( ) ̂. [4.5] 
Here   and   are matrices for materials with anisotropic susceptibility and scalar for 
materials with isotropic materials and   is the convolution of tensor fields, defined in 
the supplemental materials. The magnetic field at a location is the result of a 
convolution over all space; i.e. both nearby and distant sources. When the background 
field is sufficiently smooth, a Taylor expansion of Eq.4.4 to the second order shows 
(2) 
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with an additional decay rate (   ) dependent on the heterogeneity of the field   ( ) 
within the voxel: 
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with  ( )  ∫     ( )
 
 
The variance of the field will follow the dependence of the field with orientation of the 
susceptibility material. This field depends on the orientation of the material if   is 
anisotropic or if   is isotropic but the geometry of the susceptibility distribution is 
anisotropic. This has been demonstrated in the case of infinite parallel cylinders of 
isotropic susceptibility (64). 
The total rate of decay of the magnitude of the signal is expressed: 
            ̂  ⋅ (      ) ⋅   ̂   ̂  ⋅    ⋅   ̂ [4.8] 
The    anisotropy corresponds to the    anisotropy, and the apparent decay rate 
depends on the orientation.  
The elements of this 2* tensor (R2T) can be estimated from apparent decay rate, 
R2*, values measured at various orientations using a conjugate gradient solver:  
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 , [4.9] 
where pw  is the inverse of the magnitude of the T2*w image of the p-th orientation, 
which reflects differences in SNR in the subject as it is rotated within the coil through 
orientations.    
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4.3 Materials and Methods 
 
4.3.1 Phantom Construction 
 
Geometric effects on R2* 
To examine the effects of the geometry of susceptibility sources within a voxel 
on R2*, glass capillary tubes were used to construct a cylindrical sub-voxel structure 
of susceptibility sources placed within an agar phantom. The glass capillary tubes 
(category III, Fig. 4.1) contained a 5mM gadolinium solution (Magnevist, Berlex 
Laboratories) corresponding to a susceptibility of 1.62ppm(30). Waterproof silicone 
sealant was used to seal and bind the ends of the tubes. All sources were contained 
within a cylindrical phantom, 10cm in diameter. 
 Magnetic Susceptibility Anisotropy and Geometric Effects 
  A cylindrical phantom, 10cm in diameter, was constructed containing 1% 
agarose gel. Within this phantom, three susceptibility sources were placed: 1) a 
straight bar of 12K carbon fiber tow, which was bundle of 12,000 carbon fiber strands 
(ACP Composites, Livermore CA) (category I Fig. 4.1). 2) a ring of carbon fiber tow 
around a 50ml centrifuge tube (category I, Fig. 4.1), and 3)  a mixture of finely cut, 
<1mm in length, but unaligned carbon fiber sections mixed with agar (category III, 
Fig. 4.1). Two balloons containing gadolinium solutions with concentrations, 2.5mM 
and 5 mM, corresponding to susceptibilities of 0.81ppm (Balloon 1)  and 1.6ppm 
(Balloon 2) respectively, were placed within the phantom as isotropic susceptibility 
sources (Category IV, Fig. 4.1). 
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4.3.2 Data Acquisition 
 
Phantom 
All data were acquired on a General Electric (GE) 3T MRI scanner (HDx, GE 
Healthcare, Waukesha, WI, USA) using an eight channel head coil and a Styrofoam 
ball sample holder allowing reproducible rotations of the phantom. A total of 16 
orientations uniformly spaced over a unit sphere were acquired for both phantoms. For 
the capillary tube phantom imaging parameters were as follows: multi echo gradient 
echo (MEGRE) acquisition, 12 echoes, TR  104.3ms, first TE 3.4ms, echo spacing 
3.2 ms, flip angle 15, bandwidth of 62.5kHz, field of view 13cm and at 1mm3 
resolution. The carbon fiber phantom used the same imaging parameters, except for 
the number of echoes (10) and the TR (88.4 ms).  
Volunteer  
In this volunteer study, approved by our institutional review board, images 
were acquired with 11 echoes, first echo 2.66ms, with an echo spacing of 2.64ms, a 
TR of 46.9ms, flip angle 15, field of view 24cm, band width 62.5kHz, acquisition 
matrix of 160x160 and  isotropic resolution of 1.5mm
3
 with the MEGRE sequence 
used in the phantom studies. The transmit receive birdcage head coil was used in the 
volunteer study to allow for a greater degree of rotation. The head tilts performed by 
the volunteer included a combination of forward, backward, left and right leaning tilts 
in both supine and prone positions for a total of 12 acquired head orientations. 
Diffusion data was acquired with a product 2D EPI dual spin echo diffusion weighted 
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sequence, with resolution 2x2x2.4mm
3
, parameters: 33 directions, b-value of 1000 
s/mm
2
, 22 cm field of view, acquisition matrix of 110x110 and 2.4 mm slice thickness, 
85.3ms echo time, 17s TR and bandwidth per pixel of 1953.12Hz.    
4.3.3 Tensor Reconstructions 
 
Both R2T and STI reconstructions require registration of the magnitude and 
phase images to the neutral subject orientation. Affine rigid image registration was 
performed with FSL(65-67). A B0 map was derived from the multiple echo data which 
allowed to correct for B0 distortion of the diffusion weighted images using FUGUE 
(65,66). Diffusion tensor data was reconstructed using FSL. A conjugate gradient 
solver was used to fit the measured multiple orientation phase data against the model 
described in the theory, eq. 4.5 to estimate the STI. 
The R2T reconstruction was constructed by first computing the apparent scalar 
relaxation *2appR  in each of the acquired orientations using a robust estimation of 
mono-exponential decay (68). Noise correction was performed to account for bias in 
the reconstructed exponential decay due to the presence of Rician noise in the 
magnitude signal implemented as a look up table (69). Next, a rank 2 tensor R2T was 
fitting to the obtained R2* values using a conjugate gradient solver. The solution for 
STI was computed as described previously, with a conjugate gradient solver (62). 
4.3.4 Data Analysis 
 
Singular value decomposition was performed to examine the reconstructed 
eigenvectors and eigenvalues from STI and R2T tensors. The tensor anisotropy (TA) 
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was defined as 31  TA , where the tensor eigenvalues i  i =1,2,3 are in descending 
order. Phantom eigenvectors are displayed weighted by the mean R2T to highlight 
regions with high susceptibility. In volunteer data tensor eigenvectors are presented 
weighted by the fractional anisotropy computed from DTI data to highlight white 
matter. White matter regions measured in the volunteer were: the splenium of the 
corpus callosum (SCC) and optic radiations (OR).  Periventricular veins (PVVs) were 
also measured as they represent regions in the human body with cylindrical structure 
but without molecular order. Regions of interest (ROI) were defined  manually on the 
magnitude images for phantoms and volunteer studies. Mean and standard deviation of 
ROI measurements were reported.  
Alignment of eigenvectors of the various tensors was assessed through the 
correlation of eigenvectors defined as baC VV = , where aV  and bV  are the 
normalized principal eigenvectors estimated from STI, DTI or R2T. When measuring 
the correlation in the alignment of the orientation of PVVs in the volunteer study, the 
orientation of veins was estimated manually from a straight segment of the vein visible 
on the magnitude of the MEGRE image. A wild bootstrap analysis  was performed to 
compute 95% confidence intervals for the estimated tensor eigenvectors for both R2T 
and STI in phantom and human data 1000 iterations were computed for phantoms and 
human R2T and 350 iterations for human STI reconstruction. Fewer iterations for 
volunteer STI were computed due to time restrictions; approximately 30min. 
Wild bootstrapping is a non-parametric statistical analysis method that permits 
inference on model parameters from data with multiple measurements; DTI studies 
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have used this to assess confidence in estimates of tensor parameters, anisotropy and 
reconstructed eigenvectors (70,71). This analysis was chosen for its ability to make 
inferences on systems with heteroscedastic noise (72), since the noise in phase and 
apparent R2* is not uniform across the imaged volume or the acquired orientations 
due to variations in signal sensitivity across the volume and orientations. The 
formulation of the bootstrap iteration is simple for the two systems under investigation 
in this work, Eq. 4.5 and 6 For STI and R2T respectively. In the R2T the observed 
relaxation rate from each orientation is considered to be an unbiased estimate of the 
R2* decay rate after the correction for Rician noise in the magnitude data. In the wild 
bootstrap analysis, the data is resampled by constructing N bootstrap samples iappR ,2  
based on the fitted R2T, *2Rˆ :  
iiappR εbRb  )
ˆˆ(ˆ= *2,2 . [4.10] 
Here, i is defined as ii a Fuε ˆ , where a is the number of degrees of freedom (equal to  
)/( knna  , n is the number of observations and k is the number of parameters), 
iF  is a random vector defined as: 





5.0p,1
0.5  p 1,-
=iF , [4.11] 
where p is drawn from a uniform distribution on the unit interval [0,1], and the vector
uˆ is the residual of the fit of the system with the acquired data,  
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)ˆˆ(ˆ=ˆ *22 bRbu appR .  [4.12] 
For every bootstrap sample iappR ,2 , a new tensor 
*
i2,Rˆ is estimated. Similarly, the 
definition of the STI bootstrap sample is: 
ii εXDb 
ˆ=  [4.13] 
Here iε has the same formal definition as for the R2*T problem with uˆ now the 
residual of the fit of the local phase data with the susceptibility tensor model. D is the 
susceptibility tensor kernel defined in k-space (Eq. 4.5 ) in matrix notation.  
Confidence intervals were constructed from the distribution of estimated parameters 
from the bootstrapped iterations, 95% confidence intervals were constructed from the 
2.5 and 97.5 percentiles. Statistical evaluation of eigenvectors requires additional 
considerations due to the inherent ambiguity in the definition of the principal 
eigenvector, where both an eigenvector and its anti-parallel equivalent describes the 
axis of the tensor equally well and the arithmetic mean is not applicable. Robust 
statistics of the mean dyadic tensor of a region of interest have been demonstrated in 
analysis of diffusion tensor imaging previously and defined as follows (71,73). The 
95
th
 percentile of the angle between the principal eigenvector of the mean dyadic 
tensor and the eigenvector for each bootstrap iteration defines the half angle of the 
cone of the 95% confidence interval surrounding the mean principal direction of the 
tensor. The 95% confidence interval was calculated for both phantom and human data. 
The mean dyadic tensor is: 
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 Where jl is the 
thl  eigenvector from the thj  iteration, from a total of N  bootstrap 
iterations.  
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4.4 Results 
 
4.4.1 Phantom experiments 
 
The mean susceptibility of the capillary tube bundle was 0.15±0.10ppm (Table 
1). The mean susceptibility of the glass tubes was paramagnetic, consistent with the 
susceptibility of the Gadolinium solution.  
Table 4.1: Tensor properties and correlation of STI and R2T in phantom sources. 
  
STI R2T 
 
|V
R2*
· V
STI
| Mean (ppm) 
Anisotropy 
(ppm) 
Mean (Hz) 
Anisotropy 
(Hz) 
Bar 0.98±0.02 -0.26± 0.05 0.55±0.17 73±8 101±13 
Ring 0.97±0.06 -0.12±0.05 0.34±0.08 50±15 85±29 
Tubes 0.30±0.25 0.15±0.10 0.44±0.19 61±12 87±20 
Bits 0.45±0.28 0.08±0.07 0.18±0.07 50±14 26±14 
Balloon 1 0.46±0.27 0.71±0.03 0.22±0.08 13±0.40 2.71±1.4 
Balloon 2 0.47±0.27 1.33±0.06 0.50±0.18 27±0.83 4.20±2.1 
 
A higher correlation between R2T and STI was found for the molecularly 
ordered carbon fiber phantoms (Bar: 0.98 ±0.02, Ring: 0.97±0.06) than for the 
capillary tube (0.30±0.25), and low correlation was also found for the gadolinium 
balloons (Balloon 1: 0.46±0.27 Balloon 2: 0.47±0.27), Table 1. Fig. 4.2 shows this 
effect in row 5; there was high correlation in eigenvectors within the carbon fiber ring 
and the subsequent decrease in alignment in the remaining cases, capillary tubes (II), 
carbon fiber bits (III) and gadolinium balloons (IV). There is a consistent direction in 
capillary tubes only in R2T, fourth row Fig. 4.2. Lastly, there is no clear STI or R2T 
direction in the balloons, column IV Fig. 4.2.  
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Figure 4.2: Phantom results demonstrating 4 categories listed in Fig. 4.1 in each 
column. Eigenvectors from STI and R2T weighted by the mean R2T (first two rows), 
the 95% confidence interval from STI and R2T (rows 3 and 4), the absolute value of 
the product between the two vectors VSTI and VR2T(row 5, W =0-1) and the mean 
STI and R2T (row 6 (W=-0.4-0.4ppm(columns I-III) and W=-1.5-1.5ppm  
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Fig. 4.3 shows the confidence for all eigenvectors for cases I - IV. For intact 
carbon fiber sources (Ring and Bar) the confidence in the direction of the fiber axis in 
R2T and STI is greater (narrower confidence interval) than the remaining 
eigenvectors, Fig 4.3; (Ring: STI EV1:15±11 EV2: 41±21, EV3: 38±22, R2T 
EV1: 61±26, EV2:62±26, EV3: 18±3; Bar STI EV1: 11±5, 29±16, 28±16, 
R2T 68±23, 68±23 EV3: 9±3). Whereas the confidence of the vector direction is 
only consistently narrow for R2T in the capillary tubes, (R2T EV1: 65±25, EV2: 
67±24, EV3: 20±21 compared to STI: EV1 47±22, EV2: 55±21, EV3 
35±22). Only low confidence (wide confidence intervals) were observed for both 
STI and R2T in the gadolinium balloons (Balloon 1 STI: EV1 67±16, EV2 73±12, 
EV3 47±21; R2T: EV1: 81±14, EV2 88±6, EV3: 81±15).   
 
\ 
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Figure 4.3 Confidence intervals of all eigenvectors for STI and R2T from the phantom data. Cylindrical 
symmetry is observed in the confidence intervals from the carbon fiber bar and ring sources and capillary 
tubes. 
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4.4.2 Human Study 
 
Fig. 4.4 shows correlation between eigenvectors in vivo, areas of high 
correlation were found between R2T and STI particularly within the major white 
matter tracts (SCC: 0.72±0.27, OR: 0.69±0.27). High correlation was also found 
between R2T and DTI (SCC: 0.76±0.22, OR: 0.86±0.17) between STI and DTI 
(SCC:0.68±0.23, OR: 0.68±0.20).  
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Figure 4.4: Principal eigenvectors VSTI and VR2T within the SCC and OR (left column) 
and periventricular veins(right column) (rows 1 and 2),the confidence interval from 
STI and R2T (rows 3 and 4), correlation between VSTI and VR2* (row 5 W=0-1) and 
the mean STI and R2T (rows 6 W = -70-70ppb and 7 W=0-40Hz).VSTI and VR2* are 
weighted by DTI FA on the left to highlight white matter and by R2* from a single 
orientation to highlight veins on the right. 
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In Fig. 4.4 the confidence intervals for the principal STI and R2T eigenvectors 
for a slice through the corpus callosum are narrower in the fiber direction, but there is 
less confidence overall in the periphery of the brain where fibers cross and tracts meet. 
Values for anisotropy were consistent with previous literature were observed in R2T : 
SCC: 14±5.5 Hz; OR: 16±5.5 Hz and STI : SCC: 52±23ppb, OR: 54±17ppb. 
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Figure 4.5: VDTI, VSTI and VR2T weighted by DTI FA rows are weighted by DTI FA on 
the left to highlight white matter and by R2* from a single orientation to highlight 
veins on the right, QSM from a single orientation (row 4; W -70-70ppb), R2* from a 
single orientation (row 5; W =0-40Hz) and SWI (row 6). The white matter displays 
orientation dependence within a single orientation, VR2T display contrast between 
periventricular veins with surrounding white matter (circled is a large vein) consistent 
with the presence of veins on single orientation measurements. VSTI and VR2*. 
 
 Fig. 4.5 demonstrates the sensitivity of relaxation and susceptibility 
measurements to white matter fiber architecture and the presence of periventricular 
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veins, the box in the left column shows orientation dependent relaxation and 
susceptibility from a single orientation reflective of white matter fiber orientation.  
4.4.3 Tensor Properties of Veins 
 
 The vector maps in right column of Fig. 4.5 shows contrast in VR2* present 
between the veins and surrounding white matter, the presence of these veins are 
demonstrated with QSM, R2* and SWI from a single orientation. The correlation 
between eigenvectors of 21 measured veins was 0.67 ± 0.12 between R2T and manual 
measurements of the vessel direction. In the larger A-P oriented veins, outlined on 
Fig.4.4 and Fig. 4.5, the correlation was higher, R2T versus the measured direction 
(VM): left vein: 0.87±0.1, right: 0.83±0.24. Similarly there was generally greater 
confidence in VR2* than in VSTI, left vein R2T EV1: 67±19, EV2: 68±19, EV3: 
23±14 vs STI: EV1: 41±11, EV2: 47±13, EV3: 35±12; right vein R2T: EV1: 
73±24, EV2: 77±21, EV3: 48±19 vs STI: EV1:64±16, EV2: 69±16, EV3: 
47±24.  
 
4.5 Discussion 
 
In this work, we investigate orientation dependent R2* and susceptibility 
measurements in the brain reflective of tissue microstructure and molecular 
organization. R2* is related to dependence of field inhomogeneity primarily from 
tissue microstructure, and susceptibility is influenced by the presence of both tissue 
microstructure and molecular organization. Phantom experiments demonstrate that 
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both molecular anisotropy and microstructure results in R2* and susceptibility tensor 
anisotropy, while microstructure alone without molecular anisotropy leads to R2* 
anisotropy only. This was demonstrated in vivo by examining the structure of major 
white matter tracts and periventricular veins.  
The carbon fiber phantom represented where both sub-voxel structure and 
intrinsic molecular organization is present. R2T and STI eigenvectors were highly 
correlated (Fig. 2 (I) and Table 1). The reported measures of anisotropy are within the 
range of previous measurements of properties of carbon fiber (50). In capillary tubes 
the R2T and STI eigenvectors were much less correlated, Fig. 2 (II) and Table 1; 
microstructure is present without molecular order. In both categories III and IV in the 
carbon fiber bits and gadolinium balloons, wider confidence intervals were observed 
for both STI and R2T, Fig. 2. Correlation between eigenvectors clearly demonstrated 
the presence R2T and STI in carbon fiber and R2T but not STI anisotropy in capillary 
tubes.   
Estimated confidence intervals corroborated the measurements of correlation 
in the estimated fiber directions in phantom studies. The axis of the fiber was 
reconstructed with greater confidence compared to the remaining eigenvectors, Fig. 3; 
whereas wider confidence intervals were observed for the minor tensor axes. This 
symmetry is consistent with the known cylindrical architecture of carbon fiber and the 
capillary tubes. The STI reconstruction in the capillary tubes showed no clear 
symmetry, evidenced in the large overlap of the confidence intervals Fig, 3. In 
contrast, R2T showed a clear symmetry in the capillary tubes.  
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Applying the same analysis to the in vivo data, white matter shows increased 
correlation between R2T and STI, similar to the correlation observed for STI or R2T 
with DTI; consistent with both microstructure and molecular order. The appearance of 
PVVs is most obvious on VR2*, Fig. 4, whereas there is very little contrast between the 
PVVs and the surrounding white matter in VSTI. More importantly, R2T had much 
higher confidence than STI in the PVVs, which also correlated with the measured 
venous direction. Similar to what was observed in the phantom for structured 
materials, the confidence intervals in the major fiber tracts in STI and R2T had the 
greatest confidence in the principal eigenvectors, but only in R2T for the PVVs, Fig. 
3. 
There are a number of challenges in computing the R2T and STI maps. First, 
only a limited number of orientations can be performed in vivo in a very motivated 
subject with a long scan time. Limited orientations induced error in the reconstructed 
tensors, as demonstrated by the wide confidence interval in the wild bootstrap method 
for certain fiber tracts such as the centrum semiovale (CS) along the superior inferior 
axis as previously observed (62). A second challenge is the potential for mis-
registration between volumes at different orientations. Changes in partial volume 
effects between different orientations can lead to artificial increases in the anisotropy 
at tissue borders in R2T. Finally, large variations in the background field can lead to 
increases in the measured R2* independent of the local tissue structure. However, in 
this work, the areas of interest were limited to white matter tracts near the center of the 
brain where the background field is more homogeneous.  
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4.6 Conclusion 
 
 Here voxels containing micro-structure and molecular organization (category 
I) were observed in carbon fiber and white matter in the alignment of R2T and STI 
reconstructions. A lack of susceptibility anisotropy was observed sources without 
molecular order (category III); such as the capillary tubes. Wild Bootstrapping 
analysis showed the stability in the reconstructed fiber directions from R2T and STI in 
vivo in major white matter tracts. Confidence interval corroborated our observations 
of overlap between measured eigenvectors in R2T and STI and provided insight on the 
influence of noise on the reconstructed tensors. This critical evaluation of the structure 
of the orientation dependent R2T and STI were reflective of voxel architecture and 
organization in the brain. 
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CHAPTER 5 
5 QUANTITATIVE SUSCEPTIBILITY MAPPING (QSM) OF WHITE 
MATTER MULTIPLE SCLEROSIS LESIONS: INTERPRETING POSITIVE 
SUSCEPTIBILITY AND THE PRESENCE OF IRON  
 
Within multiple sclerosis (MS) lesions iron is present in chronically activated 
microglia. Thus, iron detection with MRI might provide a biomarker for chronic 
inflammation within lesions. Here, we examine contributions of iron and myelin to 
magnetic susceptibility of lesions on quantitative susceptibility mapping (QSM).  
Fixed MS brain tissue was assessed with MRI including gradient echo data, which was 
processed to generate field (phase), R2* and QSM. Five lesions were sectioned and 
evaluated by immunohistochemistry for presence of myelin, iron and 
microglia/macrophages. Two of the lesions had an elemental analysis for iron 
concentration mapping, and their phospholipid content was estimated from the 
difference in the iron and QSM data. Three of the five lesions had substantial iron 
deposition that was associated with microglia and positive susceptibility values. For 
the two lesions with elemental analysis, the QSM derived phospholipid content maps 
were consistent with myelin labeled histology. Positive susceptibility values with 
respect to water indicate the presence of iron in MS lesions, though both 
demyelination and iron deposition contribute to QSM.  
 
 
5.1 Introduction 
 
Recent work on multiple sclerosis (MS) with MRI has detected dynamic 
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changes in magnetic susceptibility (74) and MRI phase (75) that reflect active 
demyelination and iron deposition in lesions. Iron retained by activated 
microglia/macrophages in MS lesions (76-78) may serve as a marker of innate 
immune system activation. Activated microglia are typically present at the vicinity of 
chronic active MS lesions and are the predominant source of iron within 
lesions(77,79,80). MRI and histological studies of iron report significant changes of 
iron content during lesion development from active demyelination to chronic 
inflammation and chronic inactivity (76,77,80,81). 
Phase imaging and R2* mapping in MRI have been explored to assess lesion 
iron content qualitatively (76,77,79) and quantitatively (82,83). However, there are 
many confounding factors associated with R2* and phase imaging including 
dependence on orientation, field strength and distribution of susceptibility sources 
(60,84). These factors influence the heterogeneity of the field and subsequently the 
R2*(2,64). Particularly for MS lesion studies, magnetic susceptibility sources outside 
a lesion can also generate fields inside the lesion and hence contribute to R2* and 
phase of the lesion. These effects must be considered as well when interpreting the 
R2* or phase in order to investigate iron specific to MS lesions. 
The tissue field derived from phase data can be deconvolved to generate 
quantitative susceptibility mapping (QSM) that reflects local tissue property 
(33,43,85), offering an alternative means to process gradient echo data. QSM can 
measure magnetic sources in tissue including iron, myelin and calcification that are 
present in normal and diseased brain tissue (58,74,86-89). A susceptibility tensor 
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(6,90) can be used to model susceptibility anisotropy observed in ordered myelin that 
induces orientation dependence of R2*(13), phase (91,92) and apparent 
susceptibility(6,17,48,62,93). Both myelin and iron contribute significantly to the 
QSM value in white matter. The connection between QSM and iron content remains to 
be established for MS lesions. 
The susceptibility of myelin is negative with respect to water. Therefore, 
severe or complete demyelination can increase susceptibility up to zero; when water is 
the reference. Positive susceptibility values must include contributions from 
paramagnetic material, which is iron in MS lesion. Here we propose to use an 
elemental measurement, laser ablation inductively coupled plasma mass spectrometry 
(LA-ICP-MS), to quantify the iron content of MS lesions in brain specimens. 
Histology and standard T2 weighted imaging (T2w) are compared with QSM to 
inform the interpretation of iron content within MS lesions. 
5.2 Theory 
 
5.2.1 Mean Susceptibility Estimation from COSMOS and the Susceptibility Tensor 
Trace 
 
 COSMOS estimates the orientation independent component of the magnetic 
susceptibility; the mean magnetic susceptibility, MMS. Here we discuss how the 
COSMOS problem is equivalent to the estimation of the trace of the susceptibility 
tensor, 3/)(χTr , and Tr is the tensor trace, under the condition of uniform 
sampling of orientations over a unit sphere. For a single voxel image, for simplicity, 
the elements of the vector bcosmos, describing the vector of field shifts for all 
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orientations in the COSMOS problem is described as: 
XDb iimos ,cos , [5.1] 
where Di is the scalar dipole kernel in k-space and bcosmos,i is the measured field at 
orientation i and X  is the Fourier transform of  . Similarly the field shifts from the 
susceptibility tensor problem are: 
i
T
iistib XRRT ,  [5.2] 
Where T is the susceptibility tensor kernel, X is the general susceptibility tensor and   
is the scalar product and Ri is the rotation of the object to a new orientation, i. Though 
typically estimated in the subject frame the tensor  kernel with respect to the 
laboratory frame; the scanner coordinate system is the frame of reference and the 
subject rotates in the field, 
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 comes from the definition of the susceptibility tensor problem(6), 0Hˆ  is the main 
magnetic field direction, k is the k-space vector and   is the cross product. The 
general susceptibility tensor can be written as a sum of two tensors, aχ χIχ  , χ  is 
defined as the sum of the susceptibility tensor trace, 3/)(χTrχ   , and tensor 
anisotropy, Iχχ a , such that 0)( aTr χ  and the isotropic susceptibility, χI ,  is 
independent of the anisotropic component, 0 aχ χI . The tensor problem can be 
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rewritten: 
ia
T
iii
T
iii
T
iiisti X RXRTRIRTXRRTb ,   [5.4] 
The XI  term can be shown to reduce to the COSMOS problem. As long as the fields 
from aX , aXb , are orthogonal to the fields from XI , b X , the COSMOS solution from 
the field generated by an arbitrary tensor will contain only the isotropic component of 
the susceptibility tensor; field from the anisotropy of the tensor will not fit the 
isotropic model. The solution of the tensor problem is the sum of the two fields, b
X
 
and 
aX
b , the scalar product of which is ))())((( 
i
ia
T
ii
T
iX
X
a
RXRTRIRTbb X . 
The XI term is constant over any Ri, XX i
T
i IRIR   and T is constant over orientation, 
which can be removed from the sum as, 
i
ia
T
ii
T
iX
X
a
RXRTRIRTbb X )( . As 
long as Ri spans all rotations in 3D space, it follows from Schur’s lemma in group 
theory(94) that this term ia
T
i RXR is a scalar, where 
0)()(  aia
T
iia
T
i TrTr χIRχRIRχR  and so 0)()(  
i
ia
T
iX
X
a
RXRTITbb X . 
Here the vector spaces spanned by X and aX are orthogonal. The COSMOS solution 
is 3/)(χTr  as long as the orientations are sampled uniformly over a sphere. This 
condition is necessary in order to achieve a non-biased estimate of all susceptibility 
tensor components and achievable in phantom data (6,62).  
 
Here we propose to use an elemental measurement, laser ablation inductively 
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coupled mass spectrometry (LA-ICP-MS), to quantify the iron content of MS lesion in 
brain specimens. The susceptibility contribution from the measured iron content and 
QSM were used to quantify myelin content. Histology and standard T2 weighted 
imaging (T2w) are compared with QSM to inform the interpretation of iron content 
within MS lesions. 
5.3 Methods and Materials 
 
5.3.1 MS brain section preparation 
 
 Human CNS tissue was obtained at autopsy of 1 MS subject (male, age 68, 
chronic MS, not treated with any disease-modifying treatment; cause of death: cardiac 
arrhythmia) according to an institutional Review Board-approved protocol. Seven 1 
cm thick formalin fixed coronal MS brain specimens were imbedded in 1% agar for 
stabilization during MRI imaging. 
5.3.2 Histology and LA-ICP-MS  
 
Fixed tissue was transferred through sucrose, frozen in dry ice and N-
methylbutane, and cut at 10 and 50μm thicknesses (79). For immunohistochemical 
labeling, 10 um sections were incubated with primary antibody against myelin basic 
protein (polyclonal rabbit) and CD68 (monoclonal mouse IgG; both Dako) and 
processed with the appropriate biotinylated secondary antibody and avidin-biotin 
staining kit with diaminobenzidine as chromogen (Vector Laboratories Inc., CA) , for 
Perl’s stain sections, were  treated in 10% formalin and then hydrated in distilled 
water, incubated in 5%potassium ferrocyanide with 10%Hydrochloric Acid solution in 
room temperature for 1.5hr and then microwaved. Sections were counterstained with 
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hematoxylin. 
Iron concentration, [Fe], maps were generated from LA-ICP-MS data with 
106x250x50um
3
 resolution for lesion 1 and 106x110x50um
3
 resolution for lesion 2 
across 50-micron sections. Lesion 1 was measured with a New Wave UP193HE laser 
ablation system (193 nm excimer laser), fired at 10 Hz with a 250 µm ablation spot 
diameter with a fluence of 0.3 J/cm
2
 and a stage movement rate of 100 µm/s for each 
line. Lesion 2 was measured with a New Wave NWR 213 laser ablation system (213 
nm frequency quintupled Nd:YAG laser, fired at 20 Hz using a 110 µm ablation spot 
diameter with a fluence of 0.4 J/cm
2
 and a stage movement rate of 200 µm/s for each 
line. Ablated material carried to a ThermoFinnigan Element 2 Inductively Coupled 
Plasma Sector Field Mass Spectrometer (flow of He (0.8 L/min)) with a resolving 
power (m/Δm) of 4000. Gelatin, with known concentrations of Fe, was measured 
before and after each line. 
5.3.3 MRI Data 
 
Sixteen orientations evenly distributed over a sphere on a GE 3T scanner were 
acquired using a 3D gradient echo (GRE) sequence in oblique planes with the 
following imaging parameters: 53.8ms TR, first echo 4.05ms, 4.15ms echo spacing, 12 
acquired echoes at a resolution of 0.7x0.7x0.7mm
3
, flip angle of 20 and bandwidth of 
62.5kHz. A 32 channel receive coil was used to image the slab containing Lesion 1 
and a 12 channel head coil was used to image all other slabs. For Lesion 1, T2w 
images were acquired with a 3D fast spin echo sequence with parameters: resolution, 
0.332x0.332x2mm
3
, TE 84.34ms, TR 1.067s, echo train length 48, field of view 17cm, 
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acceleration factor 2 and a bandwidth of 100kHz. For all other lesions, T2w images 
were acquired with the same sequence, but parameters; acquired resolution 
0.75x0.75x1.2mm
3
, Echo time 103.3ms, Echo train length 140, repetition time 2.5s, 
field of view 24cm, bandwidth 125kHz.  
5.3.4 Data Analysis 
 
 MRI to Histology Registration  
2D LA-ICP-MS [Fe] maps and histological images were manually aligned to 
form a 3D volume; slices were distributed in the volume according to their relative 
location cut from the surface of the slab. A non-rigid 3D affine registration of the 
histology and QSM images was calculated from corresponding fiducial markers 
placed within and around the lesion. MRI images were linearly interpolated to the 
resolution of the LA-ICP-MS [Fe] maps. 
MRI Data Analysis 
 The total field was estimated from a fit of the complex signal evolution (57). 
Background field subtraction was performed using projection of dipole fields, 
PDF(95). Mono-exponential R2* was estimated with linear least squares estimation of 
the logarithm transformed multi-echo GRE data. Rigid linear registration of GRE 
orientations was performed with FLIRT and tri-linear interpolation (65-67). Multiple 
orientation reconstruction of QSM (COSMOS-QSM) from the tissue fields was 
calculated with COSMOS (43), Single-orientation morphology enabled dipole 
inversion QSM, (MEDI-QSM) (57) was reconstructed for each of the 16 orientations. 
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The reference susceptibility in all the QSMs was set to agar. Susceptibility tensor 
imaging, STI, reconstruction was performed with a conjugate gradient solver of the 
tissue field to source inverse problem (6). The fractional anisotropy, FA, of the STI of 
the slabs was estimated from a least squares fit of the definition of FA from diffusion 
tensor imaging(7), 
 
i
i
i
i FA
22 )(2/3  . [5.5] 
Where i , i =1,2,3, are the eigenvalues of the tensor ordered from greatest to 
least in signed value and 3/)( 321    is the normalized tensor trace, STI-
Trace. R2* was estimated from a linear fit of the signal evolution in log space. 
Segmentations of lesions were generated with a grayscale threshold chosen by 
selecting the half-maximum of the lesion edge along 20 profiles radially through the 
lesion edge on QSM and T2w images interpolated to eight times the GRE resolution to 
better define the edge; the mean volume detected from all of the half maximum 
thresholds is reported. 
5.3.5 Susceptibility Contribution from Iron 
 
Perl’s staining is sensitive to Fe3+ in ferritin. LA-ICP-MS measures all iron 
forms including those in ferritin, oxyhemoglobin and deoxyhemoglobin. QSM is 
predominantly affected by paramagnetic iron, Fe3+ in ferritin and Fe2+ in 
deoxyhemoglobin. In the MS lesions, in vitro experiments show mostly ferritin in 
microglia (77). Therefore, [Fe] maps were converted to susceptibility with an estimate 
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of the molar susceptibility of iron at room temperature like ferritin; 3.78 effective 
Bohr magnetons (96,97) and a brain tissue density of 1.04g/cm
3
(98). Using the 
Langevin equation, iron contributes, [Fe] =1.4ppb*[Fe], where [Fe] is in mg/kg. The 
myelin related susceptibility was calculated as Myelin = QSM – 1.4ppb *[Fe], 
considering that myelin is a major susceptibility component in white matter 
(40,87,99). 
5.3.6 Myelin Quantification from Myelin  
 
The susceptibility contribution from myelin was estimated using the magnetic 
properties of phospholipids. First the magnetic anisotropy was used to estimate the 
myelin content of NAWM and the mean molar susceptibility of myelin. The mean 
molar susceptibility was needed to assess myelin content independent of the tissue 
microstructure from the STI trace. In the brain, phospholipids are organized within 
myelin sheaths and the anisotropy observed in MRI is from the ensemble 
average(17,48,62,90). Lounila measured volume susceptibility anisotropy of 
phospholipids of -0.223ppm (28). Assuming the commonly used average molecular 
mass of 775g/mol (100) for phospholipids and a density of 0.25g/cm
3
(101), yields a 
molar susceptibility anisotropy, PL , contribution of -690ppb(L/mol) for a mole of 
organized lipids.  
The average anisotropy observed with cylindrical symmetry expected in 
NAWM will have susceptibility anisotropy related to the molecular anisotropy of 
2/PLfiber   , which gives a contribution of 346ppb(L/mol) for a mole of 
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organized phospholipids. Preliminary analysis of this data shows average 
susceptibility anisotropy, 2/)( 321  SA , of 27ppb within the NAWM 
surrounding Lesion 1, which is also a typical observation in literature(17,25,40,62), 
corresponding to ordered myelin sheaths. This yields a phospholipid concentration, 
[PL], of 0.078mol/L, which translates to a volume fraction of 0.24 for the white matter 
of the corpus callosum, similar to observed values of signal related to myelin and 
macromolecular components (102,103). The mean susceptibility observed, 
obs , is 
related to the phospholipid concentration, [PL] , 
obs  = PL [PL], PL  is the mean 
molar susceptibility contribution of phospholipids. The normalized trace of ordered 
cylindrical fibers and disordered phospholipids tensors shows the same mean 
susceptibility, 3/)2( ||  χ , where  and ||  are the magnetic polarizabilities of 
the phospholipid molecules. Preliminary Myelin  results shows the susceptibility of 
tissue components excluding iron in NAWM of -34.9ppb, which gives a mean molar 
contribution of -449ppb(L/mol) for phospholipid molecules. Phospholipid fraction, 
PF, from the Myelin  was calculated using the mean molecular weight(100) and density 
of phospholipids(101) from the estimated molar contribution of phospholipids, PF =(
Myelin 775(g/mol)1000/ ( PL 0.25(g/cm
3
)). 
The mean molar susceptibility contribution of phospholipids, a major tissue 
component of myelin(104), was estimated to be PL =-449ppb (L/mol) (see 
supplementary materials for details). The mean susceptibility was used to assess the 
myelin content independent of molecular order and thus applicable in both the lesion 
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and NAWM. The mean susceptibility observed, obs , is related to the phospholipid 
concentration [PL] , obs  = PL [PL]. The commonly used average molecular weight, 
775g/mol (100), density, 0.25g/cm
3
(101), and PL  was used to estimate the 
phospholipid fraction, PF, within a voxel from the observed Myelin . Regions of 
interest, the center and border of the lesions, were drawn on the T2*w image of the 
lesions registered to the histological data; the border was the hyper-intense rim 
surrounding the center of the lesion and normal appearing white matter (NAWM) was 
identified nearby within the [Fe] map. Susceptibility from iron and Myelin  were 
observed along profiles through the border of the lesion. 
5.4 Results 
 
5.4.1 MRI signal Properties of MS Lesions 
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Figure 5.1: a, shows measurements of the GRE images within Lesion 1 and 2 between 
two different B0 directions. From top to bottom, T2* weighted image, R2*, the tissue 
field (phase), single orientation MEDI-QSMs. b, displays the COSMOS-QSM and the 
normalized STI-Trace , the second column shows a T2w image and the FA estimated 
from the STI for the lesions. The circle corresponds to the lesion, and the arrows point 
to NAWM. 
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Orientation dependence of the MEDI-QSM and R2* is apparent in the 
NAWM, Fig. 5.1 row 2 and 4, particularly in the corpus callosum (fig. 5.1 row 4, 
arrows). The images in the right column for the lesions, Fig. 5.1, were registered to the 
orientation in the left column, there was slight blurring of bright susceptibility values 
within the lesion apparent in the left column after registration. Less dependence with 
orientation was observed within the lesions in MEDI-QSM. The nonlocal field 
extended from the lesion and changed in appearance between orientations in phase 
images (Fig. 5.1a row 3, circle). The COSMOS-QSM is very similar to the normalized 
tensor trace, STI-Trace, which is expected to estimate the same mean susceptibility 
under uniform measurements of the sample.  
The measured phase switched sign when the tissue slab orientation changed in 
the magnet (Fig. 5.1a row 3, white arrows). The 2
nd
 row of fig. 5.1b also shows 
changes in the estimated FA from STI showing a decrease in anisotropy within the 
lesion compared to NAWM particularly for lesion 1. The trace of the STI and 
COSMOS-QSM appeared the same with only small noise differences (Fig. 5.1b 
Column 1 for lesions 1 and 2), which was also confirmed theoretically in the 
supplemental materials. 
5.4.2 Iron and Myelin Quantification 
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Figure 5.2: MRI and histology data on Lesion 1 (left) and 2 (right) the top row shows 
the QSM of the lesion registered with the histological sections, the next the [Fe] map, 
the phospholipid fraction (PF), the tissue field (TF), R2*, the CD68 and MBP labeled 
sections. Lesion 1 contains a significant amount of iron within the lesion in LA-ICP-
MS which is nearly all accounted for in the QSM, consistent with the demyelination 
observed in the MBP labeled section and PF. Lesion 2 shows little iron deposition. 
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Figure 5.3: MRI and histology data on three additional lesions, the lesion on the left 
column shows little iron on Perl’s and two lesions on the right with varying iron 
staining. The 1
st
 row (1) shows T2w, (2), only positive susceptibility w.r.t. agar, (3) 
QSM, (4) MBP, (5) CD68 and (6) Perls. 
 
In Fig. 5.3, Perls stain shows varying degrees of iron deposition with the 
lesions in the right column and relatively little in the lesion in the left column. The 
QSM+ row shows locations of positive susceptibility where the lesion is completely 
demyelinated on MBP, which correlates to the centers of the lesion. In the lesions on 
the right both Perls and CD68 slides showed the most staining at the rim of the 
lesions. 
QSM correlated with the iron deposition [Fe] at the centers of Lesion 1 and 
Lesion 2 in Fig. 5.2. Lesion 1 had substantial iron content and correspondingly high 
paramagnetic susceptibility 29.6±5.5ppb (Table 1), but Lesion 2 had little iron and 
nearly zero diamagnetic susceptibility -1.6±4.8ppb (Table 1). There was no significant 
staining of iron containing CD68 labeled cells within Lesion 2. The PFs in Figs. 2 
depicted loss of myelin in the lesion centers, consistent with the MBP labeled slides 
where PFs were close to 0 (Table 1). Row 5 shows decreased in R2* in both lesions 
correlating spatially with demyelinaiton observed on MBP labeled slides, Fig. 5.2. 
CD68 labeling showed evidence of microglia associated with the iron detected on LA-
ICP-MS at the border of Lesion 1. Fig. 5.2 showed iron uniformly distributed within 
and surrounding lesion 2, with few punctate iron sources, two lines were skipped in 
the LA-ICP-MS data acquisition (two green lines in [Fe], Fig. 5.2). The lesion borders 
showed differing amounts of iron and myelin contributing to the total susceptibility; 
lesion 1 had a high iron contribution, 25.1±6.1ppb and a small myelin contribution -
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10.3±12.5ppb, whereas lesion 2 had a small iron contribution, 7.5±2.1ppb and a large 
myelin contribution -25.8±6.9ppb, table 1. Lesions with perl’s staining only, Fig. 5.3, 
show mean susceptibilities of -4.4±8.7ppb(left column), -1.2±10.7ppb and -2.8 
±7.7ppb (top and bottom lesion in the right column of Fig. 5.4). The lesions in the 
right column showed highest peak susceptibility, 24.4 and 14.2ppb compared to 
13.3ppb. 
 
Figure 5.4: ICP]:[Fe , QSM and Myelin  across a profile through the lesions into NAWM; 
in lesions 1 the profile extents from within the lesion (location 0) to a location in 
NAWM. The gray bar indicates the location of the edge of the lesion as displayed on 
the registered T2w image. 
 
In Lesion 1 the contribution to the susceptibility near the border came from 
both iron and myelin, while the main contribution to the susceptibility at the edge of 
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Lesion 2 came from myelin, Table 1. Fig. 5.4 shows a rapid increase in the myelin 
content at the immediate edge of Lesion 1 observed on T2w imaging. In this region, 
the iron content was high at the border and decreased to baseline NAWM within 2mm.  
Table 5.5.1: Measurements of [Fe], total susceptibility from QSM, [Fe] susceptibility 
contribution, RSM and phospholipid fraction within the lesions and surrounding 
NAWM. 
  
[Fe] (ug/mL) QSM (ppb) [Fe] (ppb) RSM (ppb) 
Phospholipid 
Fraction (PF) 
 
Lesion 19.7±5.6 29.6±5.5 27.6±7.8 2.0±8.5 -0.01±0.06 
Lesion 1 Border 18.6±4.5 14.8±12.9 26.1±6.3 -11.3±12.6 0.08±0.09 
 
NAWM 7.9±1.1 -23.2±1.4 11.2±1.6 -34.4±2.6 0.24±0.02 
 
Lesion 4.5±0.5 -1.6±4.8 6.3±0.7 -7.9±4.6 0.05±0.03 
Lesion 2 Border 5.6±1.5 -18.3±6.6 7.8±2.1 -26.1±7.0 0.18±0.05 
 
NAWM 5.3±0.9 -42.5±1.2 7.4±1.3 -49.9±1.9 0.34±0.01 
 
The volumes of Lesion 1 were: COSMOS-QSM 312mm
3
 and T2w 245.4mm
3
, 
for Lesion 2: COSMOS-QSM 7.0mm
3
 and T2w 6.6mm
3
. In Lesion 1 where there is 
significant iron at the edge, the volume observed on QSM is 27% larger than the 
volume of the lesion on T2w, while in Lesion 2 there was only 5.6% difference in the 
volume of the lesion between T2w and QSM. 
5.5 Discussion  
 
While both iron and myelin can contribute to QSM, our results suggest the 
following two observations on interpreting iron from QSM of MS lesions in white 
matter. 1) When susceptibility values are above zero (relative to water), there is iron in 
lesion. This was corroborated on lesions with iron staining and can be explained by the 
physical limit that complete demyelination can only increase susceptibility values to 
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zero. 2) Susceptibility values permit iron quantification in fully demyelinated 
locations, which was corroborated on lesions with iron quantification and myelin 
staining.  
In general, the mixture of iron and myelin makes it difficult to identify iron 
specifically from gradient echo (GRE) MRI data using the three quantitative 
processing methods: tissue field (or phase), R2* and QSM. Deconvolution of the 
tissue field to generate QSM only removes contributions outside a voxel that affect 
both tissue field and R2*, but does not separate diamagnetic myelin from 
paramagnetic iron within that voxel. It may be possible to identify myelin based on the 
anisotropy of its magnetic susceptibility, which makes tissue field, R2* and QSM 
dependent on orientation as observed in Fig.5.1. Susceptibility tensor imaging 
fractional anisotropy (STI FA) decreases in a lesion compared to NAWM, but STI FA 
is very difficult to quantify and prone to noise and other artifacts and may be 
impossible to perform in routine clinical practice (17,62). 
Previous results have been promising relating tissue iron content to measured 
R2* and QSM. In this data, iron deposition and myelin loss content effect QSM and 
R2* in opposite ways; R2* decreased within the center of both lesions though Lesion 
1 showed significant iron deposition and correspondingly high susceptibility, Fig. 5.2. 
This decrease in R2* is consistent with an increase in the homogeneity of the tissue 
that occurs within MS lesions (105). Though R2* may not be directly related to iron 
content observed this data, together QSM and R2* reflect differences in the total 
magnetization and organization between NAWM and the lesion.  
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Most white matter lesions in MS brain specimens seem to be completely 
demyelinated (106), as observed in this study. For completely demyelinated lesion 
center, iron may be regarded as the main source for paramagnetic susceptibility, which 
was corroborated in Fig.5.4. Iron deposition is associated predominantly with 
activated microglia/macrophages in the rim of demyelinating lesions (77), as observed 
in Fig. 5.3; iron is observed infrequently in the lesion center, as in Fig. 5.2 for lesion 1. 
The non-zero iron concentration varied in space in all lesions (Fig.5.2&3). The huge 
difference in slice thickness between QSM and LA-ICP-MS makes it difficult to 
generate meaningful linear voxel-based linear regression, which would require 
multiple LA-ICP-MS samples through a QSM slice.  
Interestingly, the lesion volume on QSM was observed to be bigger than that 
on T2w for lesions with iron (Fig.5.4). QSM is sensitive to iron present outside lesion 
border and T2w is mostly sensitive to reduced cellular contents in lesion interior 
(107,108) , resulting a larger volume on QSM. This QSM-T2w lesion volume 
difference could help identify the presence iron at the border of the lesion, where QSM 
alone cannot identify iron as both iron and myelin contribute to the measured magnetic 
susceptibility. Additional in vivo measurement of tissue composition, such as myelin 
water fraction data (5), may help to define the region of demyelination. It has been 
observed in vivo that T2w is highly sensitive to tissue inflammation increasing the 
observed lesion volume (74). Our T2w results support that MRI measurements of 
specific tissue content may potentially identify the spatial distribution of myelin and 
iron within MS lesions. 
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While this study focused on MS lesions, NAWM iron content was also 
measured. These NAWM iron values are ~4-5x smaller than previously observed in 
normal white matter within non-neurological controls (58). However, this iron content 
is consistent with observations of NAWM in autopsied MS brains where densitometric 
measurements showed NAWM 0.03 and normal white matter 0.13 (80). 
 
One disadvantage of our study is that we examined MS lesions from one 
individual. Similar comparative work is usually also restricted to a small number of 
autopsy cases (76,77). Registration between MRI and histology sections is not trivial 
and may result in registration errors from differences in resolution and image contrast 
between techniques. The best registration results were found when using all 
histological data in the formation of a volume that was used to match multiple 
anatomical features present in both MR and histology. The focus of this work is in the 
assessment of sources of susceptibility in the lesions that contribute to the measured 
susceptibility observed with QSM. More pathology will be assessed in future work. 
 
5.6 Conclusion 
 
In this work, spatial resolution of iron distributed within and surrounding MS 
lesions identified iron contributions to the measured susceptibility with QSM across 
the anatomy of MS lesions. Positive susceptibility values in MS lesion are associated 
with iron presence in histology. In completely demyelinated lesion centers, 
susceptibility values are consistent with susceptibility contributions from ferritin 
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measured by laser ablation inductively coupled plasma mass spectrometry.  
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CHAPTER 6 
 
6 CONCLUSIONS AND FUTURE WORK 
 
The focus of this work is the content and structure of tissue in the central nervous system 
from MRI field measurements particularly in the assessment of orientation dependent magnetic 
susceptibility and relaxation in white matter. This work has (1) examined aspects of the 
reconstruction of these orientation dependent properties from multiple orientation acquisitions in 
the analysis of error propagation of various susceptibility tensor reconstructions. Similarly (2) 
the stability and structure of susceptibility and relaxation reconstructions from acquired data 
were assessed statistically to demonstrate the presence of molecularly ordered versus disordered 
sub-voxel structures in the brain. (3) Origins of susceptibility within white matter lesions were 
assessed with an in vitro analysis of white matter lesions quantitatively assessing the myelin and 
iron content with histological and MRI data. This work has demonstrated the acquisition and 
assessment of white matter tissue content and structure from MRI field measurements, which 
will guide future work in building robust tensor reconstructions and interpreting orientation 
dependent MRI data. 
6.1 Future Work 
 
6.1.1 Assessment of sub-voxel tissue microstructure  
 
Gradient echo data has been a rich source of information in measuring the content and 
organization of tissue in this work. Post processing methods remain a challenge in better utilizing 
the available data and reduce noise in the reconstructed tensor properties. Prior information can 
not only better utilize gradient echo data, but also use complementary contrast mechanisms 
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available with MRI to gain information on tissue content and architecture.  
As demonstrated in chapters 3 and 4 of this work magnetic susceptibility tensor 
properties are difficult to construct due to the condition of the inverse problem and limited data 
available in vivo. As also examined in chapter 4 there is significant structural similarity between 
susceptibility and relaxation properties of white matter. Maintaining structural similarity between 
tensors in the construction would be a strong prior that could utilize the similarity in structural 
information in both magnitude and phase data in reconstructing magnetic susceptibility and 
relaxation tensor properties of white matter simultaneously. The challenge here is maintaining 
the structural similarity between tensors while allowing the eigenvalues of the tensors to reflect 
the susceptibility and relaxation properties of the material. 
6.1.2 Applications of microstructural measurements 
 
Single orientation MRI measurements of tissue properties from a multi parametric 
analysis may also aid in the assessment of MS lesion content in vivo. This work has assessed 
major contributions to the MR signal from orientation dependent properties arising from the 
tissue magnetization, which required significant time and effort on the part of the subjects in 
acquiring the data. This poses a challenge in translating tensor measurements to clinical 
applications. Components of the tensors can be assessed with single orientations; through the 
apparent tensor properties related to the structure and content of the tissue. Relating single 
orientation properties of the subject to the magnetic and relaxation properties explored in this 
work would greatly help in applying tensor properties of the tissue into clinical practice. 
Relaxation and susceptibility present a unique opportunity to explore tissue heterogeneity and 
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molecular organization respectively. The challenge here is in interpreting partial information 
about the underlying tensor properties from limited measurements from gradient echo imaging. 
MRI is a versatile imaging paradigm that has been used to quantitatively probe various 
aspects of tissue properties from their influence of the MR signal. Examples of mechanisms 
exploited in MRI are diffusion tensor imaging(59), T2 relaxometry(109) and QSM(31), which 
probe water mobility, multiple water compartments and magnetization respectively with MRI 
data. Data from measurements like DTI and T2 relaxometry, could be utilized in a multi-
parametric analysis in assessing both the content and structure of voxels.  Diffusion data can help 
account for data that is dependent on the orientation of fibers within the tissue and indirectly 
measure the fiber orientation. Additional T2 and spectroscopy data may potentially help 
differentiate between tissue components, such as the influence of myelin. These single 
orientation measurements are sensitized to different aspects of the content and architecture of the 
voxel which is a potential source of interpreting the relative influence of each component. As 
investigated in chapter 5 QSM is sensitive to both iron and myelin content of the tissue in 
general. The challenge in separating myelin and water content, for example, will likely require 
an estimate of the influence of myelin content on T2 relaxometry to estimate the influence of 
myelin on QSM given the behavior of myelin in both T2 and QSM. 
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